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Abnormal endosperm development of rice (Oryza sativa L.)  often produces a chalky 
phenotype, which strongly affects appearance, quality and grain weight. Although many 
enzymes and related regulators associated with endosperm chalk have been identified, 
many other related factors remain largely unknown. Here we describe a genetic screen 
for mutants with increased chalkiness from a mutagenized population of the rice mega-
variety, IR64.  From an initial population of 9853 M2 families, 41 were identified with 
heritable chalky phenotypes, which were also often associated with reductions in grain 
size.  The M3848 mutant was unique in displaying a strong chalky phenotype but no 
change in seed size and was characterized in greater detail.  The M3848 mutant has an 
opaque endosperm and abnormal starch granules and is inherited as a single locus 
recessive. Representative of the opaque/floury phenotype, grains of M3848 showed a 
higher grain percent chalkiness in comparison with that of IR64 Wild Type (IR64_WT). 
The contents of amylose in M3848 significantly decreased, while short chain 
amylopectins significantly increased and its physicochemical properties were also 
altered. DNA sequencing was used to identify single nucleotide polymorphisms (SNPs) 
highly enriched among plants displaying the M3848 mutant phenotype compared to 
siblings with normal phenotypes.  Although these analyses did not clearly discover the 
causal mutation for the M3848 mutation, candidate SNPs were observed in two candidate 
genes in chromosome 3 encoding a hydrolase (LOC_Os03g03200) or the gibberellin 
receptor GID1L2 (LOC_Os03g14730) and one in chromosome 5, LOC_Os05g08110 
encoding a chloroplast precursor with orthologs in other plants encoding an isoamylase. 
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The research reported here reveals genetic factors important to the control of the chalky 
phenotype in the IR64 background, knowledge that will help the further genetic 
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Chapter 1. Introduction and Related Literature Review 
 
1.1 The Importance of Chalkiness in Rice 
 
The world currently faces two major challenges that are predicted to have 
significant impacts on food security in Asia: rapid and significant population growth 
causing a rapid decrease in arable land (United Nations 2014), and the unpredictable 
weather extremes due to climate change that impacts both yield and quality of rice (Zhao, 
2013 ). Thus, the greater challenge faced by rice breeders of the world remains to be able 
to breed for a variety with significant yield increases while retaining good grain quality. 
Rice is valued from production to consumption on the basis of the proportion of broken 
grains and chalky grains. Chalk and head rice yield (HRY) are the two most important 
physical traits that dictates the commercial value of rice. High head rice yield and low 
chalk commands higher price in general. And rice is graded on the basis of the 
aforementioned traits after milling. Complete milling starts from removing the hull that 
accounts for 20% of the mass of a rough rice kernel (Siebermorgan et al., 2007) followed 
by milling to remove the bran and germ using friction or abrasive action. The bran 
accounts for approximately 10% of the original rough rice mass.  The milled or white rice 
from the process consists of head rice, that is the proportion of milled grains that are at 
least three-fourths of the original grain length after complete milling, and broken grains. 
The mass of milled rice in proportion to the original mass of the rough rice is called as 
milled rice yield (MRY), ranging from 68% up to 70%. Head rice yield, on the other hand 
is the proportion of the mass of the head rice to the original rough rice mass. HRY can 
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range from 0 (all kernels are broken) to a theoretical maximum of 70% (no broken kernels) 
(Siebenmorgan et al., 2008). 
HRY, is one of the most economically important physical quality attributes that is 
of prime importance to both the farmers and millers. It is a key import and export quality 
trait that remains poorly understood due to the its complexity and quantitative genetic 
control (Nelson et al., 2011). HRY is affected by temperature, chalkiness, immature 
kernels, kernel dimensions, fissuring, protein content, amylose content and amylopectin 
chain length (Wassman et al., 2009). The studies of Septiningsih et al., in 2003 and 
Pinson et al., in 2013, showed a total of 11 QTLs for grain fissuring affecting HRY. And 
several other QTL mapping studies have also demonstrated the high correlation between 
grain shape and size with HRY including the study of Siebenmorgen and Meullenet, 2004, 
showing that increased grain length is negatively associated with HRY while improvement 
in grain width and thickness leads to a corresponding improvement in HRY. HRY in Asia 
ranges from 35 to 50% of total paddy weight (http://www.knowledgebank.irri.org/) while 
HRY in US has stagnated to about 60% (Nelson et al., 2011). 
Chalkiness is one of the key factors that negatively affecting HRY. Chalk formation 
is thought to be due to aborted formation of starch granules in rice endosperm. The 
presence of incompletely filled starch granules in chalky grains point to the possibility that 
formation of chalk is related to the disturbed translocation of assimilates (Fitzgerald and 
Resurreccion, 2009), leading to the abortion of starch biosynthesis in the developing 
grain. The presence of many air spaces within the loosely packed starch granules in the 
chalky grain prevents light transmission, which is visible as opaque regions along the 
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translucent grain (Ashida et al., 2009). However, estimating chalkiness in rice seeds by 
mere appearance can be misleading because perturbations in the proportion and 
structure of starch can produce regions of opacity in rice grains, which can totally be 
unrelated to chalk. For example, glutinous rice grains are opaque white, while perfectly 
formed non-glutinous rice grains are uniformly glassy translucent white. The opacity in 
glutinous rice grain is due to micropores within the polyhedral starch granules while non-
glutinous grains form chalk due to air spaces between spherical starch granules (Juliano, 
2007). Chalkiness is negatively correlated with HRY, where every incremental increase 
in chalkiness, there is an equivalent decrease in head rice yield since chalkiness makes 
the grain prone to cracking during milling (Zhao & Fitzgerald, 2013). And even if chalk 
does not cause breakage, the effect on the grains’ appearance itself lowers the economic 
value of rice (Fitzgerald and Resurreccion, 2009). In the Philippines, a premium milled 
rice grade of 1 should only contain 2% or less chalkiness and at least 95% head rice 
based on National Food Authority following the model of FAO classification 
(http://www.fao.org/3/x5048e/x5048E02.htm). 
Chalkiness is one of the major drivers of both visual appearance and milling quality 
that impacts consumer acceptability and reduces the overall market value. Thus, ice grain 
chalkiness has been one of the principal breeding targets for rice improvement in the past 
decades. An important breeding target has been to reduce chalkiness in the genetic 
backgrounds of existing the mega-varieties, which are already widely grown and adopted 
on more than 1 million hectares of rice land.  Chalkiness  is a major problem in rice 
production in Asian countries (Wang et al., 2013) and a growing concern in the US due 
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to complaints from local and international clients concerned about the high levels of chalk 
in much of the recently produced long-grain rice. This concern is so extensive that it led 
the formation of the Rice Marketability and Competitiveness Task Force by the USA Rice 
Federation to address grain quality concerns mainly chalkiness, alongside milling, grain 
uniformity and cooking quality 
(https://www.lsuagcenter.com/portals/our_offices/research_stations/rice/features/publica
tions/rice-quality-and-impacts-on-marketability).  
Chalkiness in rice is the opaque region in rice grain that has a lower density of 
starch granules compared to translucent ones making them prone to breakage during 
milling. This is why a lot of studies pertaining to chalkiness in rice grains have been 
focused on processes of starch synthesis; however, none has yet provided a clear 
understanding of the genetics or biochemistry underlying chalkiness. In indica cultivars, 
chalkiness is measured visually using the standard evaluation system scale (Figure 1a, 
Table 1). Among japonica cultivars, chalkiness in rice is categorized into white-belly rice, 
white-core rice, white base rice, milky white and white-back rice according to the position 
of the opaque part (Figure 1b). White-belly (Figure 1b (iv)) and white-core (Figure 1b (v)) 
rice are the major types for japonica rice. White-core rice has an opaque part in the center 
of the endosperm, while white-belly rice has chalkiness in the ventral part.  White-back 
has chalkiness on the dorsal side of the grain, white-base chalkiness around the embryo, 
and milky-white chalkiness of the whole grain. It is assumed that white-core occurs when 
environmental conditions are unfavorable or due to poor translocation of assimilates from 
leaves and stems at early and middle stages of grain filling (Taira, 1995). Scanning 
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electron microscope (SEM) imaging showed that most starch granules in white-belly 
tissues were surrounded by globular protein bodies, with many air spaces between them 
while, starch  
 
Figure 1. Different phenotypes of chalkiness in rice. a. Indica b. Japonica.  
i. translucent, (ii). whiteback, (iii) white-base, (iv) whitebelly, (v) white-core, (vi) milky-
white, and (vii) abortive in normal color (upper) and colornegative (lower) images. Scale 
bars, 5 mm (Hori, K. 2018) 
 
granules in white-core tissues were easily broken into single granules, with no protein 
bodies (Qiao et al., 2011). Traditionally, chalkiness in rice grains is measured based by 
visual rating using the standard evaluation system scale (Table 1) Graham, R.  (2002).  
Table 1. Standard Evaluation Scale for Chalkiness in rice. 
Scale % area of chalkiness 
0 None 
1 less than 10 
5 10-20 
9 more than 20 
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A better and more efficient way of measuring chalkiness in grains, is image 
analysis of the scanned images. The index used for measuring chalkiness by image 
analysis in grains include, area of chalky endosperm (ACE), degree of chalky endosperm 
(DEC) and percentage of grains with chalkiness (PGWC). ACE are estimated visually by 
getting the average area pixel of the chalky area using the images of individual grains. 
DEC is the ratio of ACE to the area of the whole endosperm, and PGWC, is also 
calculated on images of the grains. The molecular mechanisms underlying the above 
chalk phenotypes are still not well elucidated (Li et al., 2014). Recent studies showed that 
high temperatures and the combination of high relative humidity and low vapor pressure 
deficit during grain filling as the most important environmental conditions that increases 
grain chalkiness (Zhao and Fitzgerald, 2013). This is increasingly becoming a concern 
due to the growing problems brought about by drought and heat stress. Drought and heat 
stress threaten food security, human health, and livelihood of millions of poor in the world 
(Misra et al., 2014). Drought is the most severe rice yield-limiting factor and it is becoming 
an increasingly severe problem in major rice-growing regions of the world. These abiotic 
stresses negatively impact the yield and the quality of rice grain affecting both cooking 
and eating quality (Calingacion et al., 2018, Shi et al., 2015). In particular, high 
temperature causing hot and dry conditions induces chalk formation (Zhao and 
Fitzgerald., 2013). Thus, there is a growing concern on the damaging effects of climate 
change as the current grain filling temperatures are approaching the critical levels in many 
rice growing countries leading to a higher incidence of grain chalkiness. 
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Chalk has a deleterious influence on rice appearance and milling quality, which 
translates to lower grade of milled rice that in turn reduces its market value both in 
domestic and international markets (Moldenhauer et al., 2004). Aside from affecting yield, 
elevated proportion of chalky grains also alter cooking quality (Cheng et al., 2005) and 
reduce sensory properties (Chun et al., 2009), which lead to reduction in overall consumer 
acceptance. Interestingly, a large effect QTL for low phytic acid (LPA) was found to be 
co-located in a QTL region for increased chalkiness, suggesting that LPA may lead to 
increased chalkiness in rice (Edwards et al., 2017). Given this, it is apparent that formation 
of chalkiness is a complicated physiological process that is tightly related to "source-sink" 
relationship in rice, the dynamics of grain filing, and the biosynthesis and accumulation of 
starch in the endosperm.  
The inheritance of the chalkiness trait is complex, under the control of multiple 
genes and its extent is highly influenced by the environment during grain filling (Tan et 
al., 2010, Yamakawa et al., 2008). There are numerous reported quantitative trait loci 
(QTL) for rice chalkiness on many rice chromosomes (http://www.gramene.org). Few of 
these QTL have been fine mapped and isolated. qPGWC8 was identified as a major-
genetic-effect QTL for chalkiness on chromosome 8 in chromosome segment substitution 
lines of Asominori x IR24 (Wan et al. 2005). This chromosomal region was narrowed 
down within a 142-kbp interval by using 1801 BC4F2 plants of Asominori x IR24 (Guo et 
al. 2011). qPGWC7, on chromosome 7, was identified using a set of CSSLs of PA64s x 
9311.  Subsequent finemapping in a population of 3221 F2 plants delimited pGWC7 to a 
44-kbp region including 13 predicted genes (Zhou et al. 2009). qACE9 was also detected 
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in CSSLs of PA64s x 9311 (Gao et al. 2016), and fine-mapped to within a 22-kbp region 
including five predicted genes in 920 BC4F2 plants.  Chalkiness 5 (CHALK5) QTL, a 
major-effect QTLfrom double haploid lines of H94 x Zhenshan 97, was isolated by 
mapped-based cloning and encodes a vacuolar H+-translocating pyrophosphatase with 
activity of inorganic pyrophosphate hydrolysis and H+-translocation (Li et al. 2014) 
However, manipulative network and formative mechanisms of rice chalkiness remain 
unclear.  
In 2015, IRRI developed a new set of IR64 mutants by EMS that will be utilized by 
different groups at IRRI for their traits of interest. The subset of approximately ten 
thousand out of these 18,000 IR64 M2 mutants were used for grain quality phenotyping 
with focus on grain chalkiness. This study on the other, aims to understand the genetics 
behind the increased grain chalkiness in the IR64 EMS population in order to identify and 
clone the genes for chalkiness and design primers for breeding against the trait. 
At IRRI, Host-Pathogen Resistance (HPR) Laboratory lead by Dr. Bo Zhou, 
developed an EMS population with IR64. These were then distributed in different groups 
in IRRI for screening and study for specific phenotypic alterations of interest. IR64 is a 
mega variety, or a variety that widely grown variety in more than 1 hectare of rice 
production area. It is a well-known and well adapted mega variety in Asia due to its high 
yield, wide consumer acceptability and broad adaptability in different rice growing regions 
and its resistance to many pests and insect pests. It is one of the varieties with low chalk 
value of 8% and average head rice yield of 55% compared to other varieties with 
chalkiness values that could go as high as 50% as in the case of Moroberekan (Zhao and 
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Fitzgerald, 2013). This work could be helpful to elucidate the biological functions of novel 
rice genes related to rice chalkiness and possibly facilitate genetic analysis and map-
based cloning of genes responsible for grain chalkiness in rice yet to be discovered. 
 
1.2 QTLs and cloned genes likely involved in rice chalkiness 
 
Rice grain chalkiness has been one of the principal breeding targets for rice 
improvement in the past decades.   Chalk is negatively correlated with HRY, where every 
incremental increase in chalkiness, there is an equivalent decrease in head rice yield 
since chalkiness makes the grain prone to cracking during milling (Zhao and Fitzgerald 
2013). Even if chalky grains do not break during milling, the mere presence of chalk in 
the milled rice lowers the value of the rice in most domestic and international markets. 
Thus, minimizing the occurrence of chalk still, remains to be one of the most important 
breeding goals in rice improvement programs. This would benefit farmers, millers, traders 
and consumers alike by increasing the yield of marketable rice that is harvested from 
each hectare while adding value to the milled rice product, increasing the more palatable 
rice grains that ensures both food security and potential income. 
Rice chalkiness proves to be a complicated physiological process that is tightly 
related to "source-sink" of rice, dynamics of grain filing, biosynthesis and accumulation of 
starch in the endosperm. Furthermore, this trait displays complex inheritance suggesting 
the action of multiple genes, and the observed degree of chalkiness is highly influenced 
by the environment during grain filling (Tan et al., 2010, Yamakawa et al., 2008). 
To date, there are at least 80 quantitative trait loci (QTLs) that have been identified 
for grain chalkiness in various rice mapping populations (http://www.gramene.org). 
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Several QTL studies have established that endosperm chalkiness negatively affects both 
the appearance and milling properties as well as the cooking texture and palatability of 
cooked rice which translates to lower market values (Zhang et al., 2011). PGWC, DEC 
and ACE are highly heritable, with estimates of broad-sense heritabilities frequently over 
83% (Wada et al., in 2005, Xing et al., 2001 and Lin et al., 2011 Zhao et al., 2015a).   
Several major QTLs for DEC and PGWC were stably expressed across multiple 
environments or various populations (Wan et al., 2005; Guo et al., 2011; Zhao et al., 
2015).  These findings suggest an opportunity to explore genes controlling chalk that can 
be utilized in smart breeding programs.   
He et al. (1999) identified three QTLs affecting PGWC and ACE using three 
different mapping populations, while Tan et al. (2000) detected eight QTLs for chalkiness 
in an F2:3 and recombinant inbred lines (RILs) populations. Among them, a major QTL 
on chromosome 5 largely determined the white belly feature of endosperm.  Using a 
population derived from two japonica parents (using Koshihikari/C602), Liu et al. (2012) 
found three QTLs for PGWC of rice, including a QTL in chromosome 5 for percentage of 
grains with chalk (PGC), qJPGC-5, which explained 25% of the phenotypic variation 
observed. Combined, qJPGC-5, qJPGC-8 and qJPGC-10 explained 50.8% of the total 
phenotypic variance. For the QTL alleles that increased PGWC, pJPGC-5 and pJPGC-8 
came from the C602 parent, and pJPGC-10 from Koshihikari. 
The molecular mechanisms underlying chalk formation are still not well elucidated 
(Li et al., 2014). Several works showed that multiple factors contribute to the formation of 
grain chalkiness, including starch synthesis, starch granule structure and arrangement 
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(Ohdan et al. 2005; Vandeputte and Delcour, 2004). Many of these earlier studies focused 
on the role of starch synthesis pathway in chalk formation. More recently, through 
association mapping using populations of waxy rice (Xu et al. 2013), japonica breeding 
lines (Kharabian-Masouleh et al. 2012), and diverse collections (Tian et al. 2009; Yang et 
al. 2014), some SNPs/InDels of the starch biosynthesizing genes are reported to have a 
high association with starch physicochemical properties.  Interestingly, some of the starch 
synthesis genes were found to affect not only physicochemical traits but chalkiness 
formation as well (Kharabian-Masouleh et al. 2012). 
Zhao et al (2015) demonstrated in a population of 375 advanced Indica lines that 
allelic variants in three different starch biosynthesis genes were strongly associated with 
rice chalkiness. Among the 15 starch biosynthesizing genes tested, three allelic variants 
at starch synthase IIa (SSIIa )showed the strongest association with chalkiness by both 
single marker-based and haplotype-based analysis in all six environments tested. SSIIa 
also explained the largest proportion of the phenotypic variation for both DEC (10-17%) 
and PGWC (9-21%). The SSIIa-IF allele (GC/TT SNPs in exon 8) has been reported in 
earlier studies to be a major gene affecting gelatinization temperature (GT), amylopectin 
chain length distribution, cooking time and cooking quality (Bao et al. 2006; Cuevas et al. 
2010; Umemoto and Aoki, 2005).   The strong associations between SSIIa and chalkiness 
were also observed by Kharabian-Masouleh et al. (2012) using a panel of 233 Australian 
japonica advanced lines. Additionally, transgenic lines where SSIIa was repressed by 
RNAi were demonstrated to have a significant increase in chalkiness (28%) compared to 
wild-type controls (11%), with chalky kernels always having white bellies or white backs 
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and decreased seed weight (Zhang et al. 2011).  Strong associations were also observed, 
accounting for between 5 and 10% of the phenotypic variance in multiple environments, 
between granule-bound starch synthaseI (GBSSI) haplotypes and DEC or PGWC 
measures of chalkiness. Interestingly, QTLs for chalkiness components were previously 
mapped to the GBSSI region using different mapping populations derived from either 
indica/indica or indica/japonica crosses. GBSSI is well known to be the major gene 
responsible for amylose content (AC) and gel consistency (GC) (Cai et al. 1998; Chen et 
al. 2008; Tran et al. 2011).  And lastly, starch synthase IVb (SSIVb) was also observed 
to explain from 3-5% of the phenotypic variance for chalkiness in three environments. 
Not surprisingly, genetic mapping studies of chalkiness also find associations with 
other seed traits.  For example, Zhao and Fitzgerald (2013) showed that rice chalkiness 
was not only affected by variation in the starch biosynthesizing genes GBSSI and SSIIa, 
but also genes related to grain width and grain length. Interestingly, their study suggested 
a genetic basis for the earlier reported strong correlation between grain shape and 
chalkiness (Adu-Kwarteng et al. 2003; Raju and Srinivas, 1991; Zhou et al., 2015).  In 
particular, RGS1, a major marker for grain size, was shown to be associated with PGWC 
in 3 environments. Strong associations were also observed for the rice microsatellite, 
RMw513 marker near the gw5 gene with both grain shape traits and DEC, as well as the 
RM18751 marker for chalkiness and grain length.  A large effect QTL for low phytic acid 
(LPA) was also found to be co-located in QTL for increased chalkiness, suggesting that 
reductions in seed phosphorous accumulation lead to an increased chalkiness in rice 
(Edwards et al., 2017). 
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From these QTLs, a number of candidate genes that could be responsible for chalk 
have been identified and cloned: including starch synthase IIIa (SS IIIa)  (Fujita et al., 
2007a), UDP-glucose pyrophosphorylase 1(UGPase1) (Woo et al., 2008), GRAIN 
INCOMPLETE FILLING 1(GIF1) (Wang et al., 2008), pyruvate orthophosphate dikinase 
(PPDKB )(Kang et al., 2005), vacuolar H(+)-translocating pyrophosphatase (V-PPase) (Li 
et al., 2014) and isoamylase (ISA) (Sun et al., 2015) that significantly reduces chalkiness 
in rice grain (Li et al., 2014).  Sreenivasulu et al., 2014 used rice re-sequencing resources 
to elucidate the synteny between japonica and indica subspecies using the recently 
cloned chalk gene H+-translocating pyrophosphatase (Li et al., 2014) and other reported 
grain quality QTLs identified on chromosome 5. Results showed that the gene and QTLs 
are located in collinear blocks with hotspots for higher SNP frequency between the 
subtypes or within the indica re-sequencing genetic region. Furthermore, regulatory 
network analysis suggested that the expression variation created between cereal species 
appears to cause functional divergence for the endosperm-specific H+-translocating 
pyrophosphatase gene responsible for chalk that seemingly control the selective 
proteolysis pathway (E3.SCF) during 4–6 days after flowering.  
 More recently, the isoamylase gene (ISA1) residing within the qPGC8-2 QTL 
region was cloned and found to be preferentially expressed in the endosperm and 
revealed some nucleotide polymorphisms between two varieties, Nipponbare and ZS97 
Sun et al., 2015). Moreover, suppression of ISA1 by RNA interference produced grains 
with 20% more chalkiness than the control. And, multiple environment trials of the near-
isogenic lines containing the GS3 alleles significantly increases grain length at the same 
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decrease chalkiness in ZS97 (Sun et al., 2015). Furthermore, the study suggests that 
combination of the favorable alleles such as the ISA1 gene for low chalkiness and the 
GS3 gene for long grains considerably improved the grain quality of ZS97, which could 
be useful for grain quality improvement in rice breeding programs (Sun et al., 2015). 
 
In addition to the above genes associated with QTLs for chalkiness, mutations in 
other genes condition chalky phenotypes.  Mutations in the DULL regulator of GBSSI also 
cause low amylose content (AC)(≤ 2%) and hence whole opaque/chalky endosperm. On 
the other hand, the amylose-extender mutant has reduced the activity of branching 
enzyme II (BEIIb), that causes an alteration in the fine structure of grain amylopectin. 
Then we have flo-2 floury endosperm mutant that harbors mutations affecting rice 
branching enzyme I (RBEI) activity. The floury endosperm-4 mutant and the sugary-1 
mutant, on the other hand, are both defective in pyruvate orthophosphate dikinase 
(PPDK, Zhang et al., 2018) and debranching enzymes (DBE) activity respectively. 
 
At present, minimizing rice chalkiness has become one of the main aims in rice 
quality breeding, especially for indica rice. This would benefit farmers, millers, traders and 
consumers alike by increasing the yield of marketable rice that is harvested from each 
hectare while adding value to the milled rice product, increasing the more palatable rice 
grains that ensure both food security and potential income.  However, no one gene has 
been clearly demonstrated to control the formation of chalk by any breeding strategy. The 
warming climate poses an even greater challenge of breeding against chalk with the goal 
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of increased economic yield. Thus, the search for the genes responsible for chalkiness 
still remains a daunting task  
EMS mutagenesis creates point mutations that are evenly distributed, with high 
density over the whole genome, thus generating large genotypic and phenotypic diversity 
in relatively small populations (Chen et al., 2013). It is most widely used for seed mutation 
because it is effective and induces high frequency point mutations, some of which lead to 
a novel stop codon for different genes (Talebi et al., 2012; Chen et al., 2013). Chemical 
mutagens such as EMS induce changes in phenotype by altering the protein coding 
capacity leading to a larger phenotypic diversity that is usually much beyond the natural 
genetic diversity found in cultivated germplasm. In particular, EMS induces a biased 
spectrum of G/C to A/T transitions by guanine alkylation at the O6 or N7 position of guanine 
leading to the error of DNA polymerases during DNA replication, where it pairs O6-
ethylguanine with thymine instead of cytosine (Lawley and Martin, 1975; Sega 1984; 
Haughn and Somerville 1987; Sikora et al., 2011). This substitution brought about by 
EMS, known as canonical bases substitutions, has been observed in high frequency in 
several model species including Arabidopsis thaliana (Greene et al. 2013; Till et al. 2011), 
Oryza sativa (Till et al. 2011), Caenorhabditis elegans (Flibotte et al.2010; Thompson et 
al. 2013), Solanum lycopersicum (Minoia et al. 2010) and, Saccharomyces cereviscae 
(Shiwa et al. 2012) at different rates. It also tends to induce random point mutations and 
low level of chromosomal breaks and lethal effects (Greene et al. 2010) providing a 
competent survival rate allowing for it to be one of the routines employed in forward and 
reverse genetics approaches widely employed to clone important target genes influencing 
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agronomic traits. Technological advances in the past 20 years have triggered a renewed 
interest in the generation of EMS mutant populations in crop species, mainly because of 
the development of the targeting-induced local lesions in genomes (TILLING) strategy, 
whereby allelic series for a given gene can be found by screening EMS mutant collections 
(McCallum et al., 2000). Next generation sequencing strategy proved to be a more 





IR64 is a high yielding and high-quality rice bred in IRRI. The cross number 
IR18348 made between IR5657-33-2-1 and IR2061-465-1-5-5 in 1977 produces IR64 
(MacKill and Khush, 2018). The aim is to combine the different traits desired by farmers, 
including high yield, resistance to biotic and abiotic stresses, early maturity, and improved 
grain quality. IR5657-33-2-1, the female parent has intermediate amylose, and some 
tolerance to salinity (MacKill and Khush, 2018). The male parent IR2061-465-1-5-5, was 
a high-yielding breeding line that originates from a highly productive cross resulting in a 
number of other varieties from sister lines, including IR28, IR29 and IR34 (Khush and Virk 
2005). This variety out yielded IR36 by 21% in National Trials and was subsequently 
released in 1985. The superior quality in the pedigree of IR64 is thought to be from BPI-
121-407 and maybe BPI-76, which is also in the pedigree. BPI-121-407 was a selected 
induced mutant (Cada and Escuro, 1972) with superior grain quality, which in the context 
at the time is mainly anchored with intermediate amylose content and gelatinization 
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temperature. It was the first IRRI variety to have both intermediate amylose content and 
intermediate gelatinization temperature (GT) (Mackill and Khush, 2018. These are 
important traits considered by consumers in South and Southeast Asia, for the ideal 
texture of cooked rice. Cooked rice texture is mostly controlled by the allele at the waxy 
locus (Wx) on chromosome 6. Among the major alleles at this locus, IR64 has the the 
(CT)17 repeats in the 5′ untranslated part of the Wx (Roferos et al. 2008; Teng et al. 
2012). IR64 also carries the G-C-C SNPs at the Wx locus for intron 1, exon 6 and exon 
10, which is a common haplotype for intermediate amylose varieties (Chen et al. 2010). 
 In terms of sensory attributes, under irrigated or well-favored environment, IR64 
was noted to have reduced yellow color, improved texture and mouthfeel and superior 
sweet flavors with some notes of corn, astringency, and water like metallic flavor 
(Champagne et al. 2010, Calingacion et al., 2015).  
 This variety remains phenomenal in Asia, that it is used as either parents or 
grandparents of many new released varieties in the Philippines (PSBRC82), India 
(MTU1010), Indonesia (Ciherang) (Mackill and Khush, 2018, Septiningsih et al., 2014. To 
date, there are 11 near isogenic lines developed in the IR64 background with genes 
conferring novel and improved traits like submergence tolerance, drought tolerance, 
narrow leaf, anaerobic germination, early morning flowering, yield, phosphorus deficiency 
tolerance, and resistance to rice yellow mottle virus. Interestingly, this variety is also 
generally considered a restorer line for hybrid rice, particularly in the wild abortive male 
sterile cytoplasm (WA CMS) system widely used in indica “three-line” hybrid breeding 
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(Xie et al. 2014). Toriyama and Kazama (2016) developed a new IR64 cms that they call 
CW type (Chinese wild rice), restored by the Rf17 gene. 
At IRRI, diepoxybutane, ethylmethanesulfonate and irradiation (fast neutron and 
gamma ray) mutagenesis was previously used to generate a large collection of 60,000 
mutants of IR64 (Wu et al., 2005). This collection has been used to discover many genes 
controlling important traits in rice (Wu et al. 2005). Some of these mutants show favorable 
phenotypes that could be used directly in rice breeding.  In this study, the search for genes 
responsible for increased chalkiness in rice was expanded to a large population 
generated at IRRI by EMS mutagenesis of IR64.  
 
1.4 Mutant Mapping Strategies 
Mapping of QTLs for any trait of interest can be done using various approaches. It 
could be by association mapping in random population, comparative mapping and 
mapping in bi-parental populations. For this purpose, genotyping can be done by 
scanning the whole genome, genotyping selected individuals or genotyping the extreme 
pools or bulks through bulked segregant analysis (BSA, Michelmore et al., 1993) or 
selective DNA pooling (Darvasi et al, 1994). Recent technological and methodological 
advances have led to a considerable evolution in genetic mapping strategies using 
forward genetic screens. In essence, a mutant with a phenotype of interest is isolated, 
and a well-defined crossing scheme is used to generate a recombinant mapping 
population that contains both phenotypically mutant and wild-type individuals. The 
heterozygotes  or recombinants showing the mutant phenotype are carriers of the 
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causal mutations, albeit of unknown location. Knowing that  recombination between the 
causal mutation and nearby genetic markers are infrequent, the alleles of these linked 
genetic markers will co-segregate with the causal mutation, whereas unlinked marker 
alleles will show essentially random segregation between the phenotypically mutant 
individuals and the wild-type individuals. Thus, selecting for phenotypically mutant 
recombinants results in distinct allele distribution of both the causal mutation and the 
closely linked markers. Genotyping analyses can detect this linkage through over-
representation of alleles from the mutant parent, indicating the region that carries the 
causal mutation. This enables the analysis of allele frequencies in populations of 
recombinants (instead of recombination breakpoints in individual recombinant 
genomes), which can be used to associate the phenotype to a genomic region, 
reducing the labor for genotyping.  
The utility and cost effectiveness of BSA in mapping the locus likely to be 
responsible for the trait of interest has been demonstrated in several studies such as 
QTL mapping for yield under drought conditions in rice as well as maize (Venuprasad 
et al, 2009, Quarrie et al., 1999). BSA involves pooling of DNA from selected individuals 
from the high and low tails of the population distribution for QTL analysis and testing 
for linkage between markers and the target locus (Darvasi et al., 1994). This concept 
is an effective solution to reduce costs associated with genotyping large mapping 
populations. It involves grouping of the informative individuals together so that a 
particular genomic region can be studied against a randomized genetic background of 
unlinked loci. However, this method typically only gives us the broad chromosomal 
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region that contains the causal mutation, thus requiring another step of targeted 
sequencing within this region to find the actual causal mutation and candidate gene 
exemplified by research on the circadian clock and developmental mutations in 
Arabidopsis (Hazen et al., 2003).  
The advent of  deep sequencing technologies or next-generation 
sequencing (NGS) offered a conundrum of possibilities for several forward genetics 
screening strategies based on whole-genome sequencing, allowing both the 
identification of genetic markers and the quantification of local allele frequencies in 
pooled DNA samples. Concurrently, it also reveals the actual nucleotide sequence and 
consequently enables simultaneous mapping and identification of causal mutations in 
an approach known as mapping-by-sequencing demonstrated in model plant species 
Arabidopsis and rice (Schneeberger et al., 2009).  
A typical sequence analysis  pipeline consists of several consecutive steps. 
First, the reads which are usually in FASTQ file formats are aligned to the reference 
genome sequence using a read aligner program that use algorithms based on the 
Burrows-Wheeler transformation, such as bowtie (Langmead et al., 2009) or BWA (Li 
and Durbin 2009). The output from these read aligners are usually stored in files with 
sequence alignment/map (SAM) format or its compressed counterpart, binary 
alignment/map, BAM format, containing a thorough description of how each read is 
aligned to the reference genome sequence (Li et al., 2009). The second step is variant 
calling from the aligned reads using a SNP caller software such as SAMtools/BCFtools 
pipeline or GATK, that identifies the polymorphic site and the allele counts for each 
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site. To date, there are several software/pipelines available to researchers for the 
purpose of mapping-by-sequencing. Table 2 summarizes the freely available mutation 
mapping pipelines available for humans, animals and plant research. Mutation taster, 
MutAid and DNAp are all mutation mapping pipelines used for clinical research 
(Schwartz et al., 2010, Minevich, et al., 2012, Causey et al., 2018). The rest including 
SHORE (Ossowski et al. 2008), SHOREmap (Schneeberger et al., 2009), next 
generation mapping (Austin et al., 2011), AMAP (Ishii et al., 2016), CloudMap, SIMPLE 
and SNPTrack tools use very similar approaches and tools but differs in the complexity 
and computing knowledge required. Only SIMPLE and SNPTrack tools are user friendly 
and do not required bioinformatics expertise to execute. 
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Pipeline Species where it is used Reference 
Mutation Taster Humans  Schwarz et al., 2010 
MutAid Humans Minevich et al., 2012 
DNAp Humans Causey et al., 2018 
CloudMap 
Model organisms including Caenorhabditis elegans and 
Arabidopsis thaliana Minevich et al., 2012 
SIMPLE Rice (Oryza sativa, L.), Arabidopsis thaliana Wachsman et al., 2017 
SHORE Arabidopsis thaliana Ossowski et al. 2008  
SHOREMAP Arabidopsis thaliana 
Schneeberger et al. 
2009b 
AMAP Rice (Oryza sativa, L.) Ishii et al., 2016 
NGM Arabidopsis thaliana Austin et al., 2011 
SNPtrack tool  Zebrafish, Mouse, C.elegans, Drosophila Leshchiner  et  al.2012 
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1.5 Objectives of the study 
 
The main objective of this study is to screen and characterize the IR64-EMS 
mutant population for physical grain quality attributes mainly chalkiness, grain width and 
grain length and to identify causal SNP(s) leading to increase chalkiness in grain. 
Specifically, this study aims to:  
(1) screen the ~10,000 IR64-EMS mutants for milled grain score, 
(2) screen selected putative mutants for grain chalkiness, grain width and grain length, 
(3) identify mutants with increased grain chalkiness and characterize it in depth for further 
understanding of chalkiness in rice and, 
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Chapter 2. Materials and Methodology 
 
2.1 Field Location 
 
 These experiments were conducted at International Rice Research Institute (IRRI), 
Los Baños, Laguna, Philippines with latitude 14o13’N longitude 121o15’E and 62 ft 
elevation. Historically, the temperature typically varies from 72°F to 94°F and is rarely 
below 68°F or above 97°F. The wet season lasts for more than 7 months starting from 
May that could last until January, 40% chance of a given day being a wet day. The dry 
season usually last for 4 to 5 months starting from January until May with the least chance 
of rain during the third to fourth week of March. 
2.2 Materials 
  
 For the mutant population, the materials that were used in this study came from 
the Host Plant Resistance (HPR) Laboratory in IRRI. The HPR laboratory in IRRI used 
2500 grams of uniform seeds of O. sativa ssp. indica cv. IR64 subjected to EMS 
mutagenesis (Jonas Padilla, personal communication on August 24, 2016). These treated 
seeds were planted in buckets and out of these, 18000 M2 seeds were harvested. We 
used 9853 out of these 18,000 IR64 M2 mutants which were dehulled and milled and 
characterized and recorded for milled grain score (MGS), % whole kernels and chalky 
grains. 
EMS alkylates guanine bases and leads to mispairing-alkylated G pairs with T 
instead of C, resulting in primarily G/C to A/T transitions (Sega 1984; Vogel and Natarajan 
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1995). The seed lot (2500 grams), (M0) of IR64 seeds were presoaked in distilled water 
for 24 hours with a concentration of 5 seeds per 1 ml of distilled water. This was followed 
by the preparation of the mutagen mixture before the pre-soaking time elapsed (Figure 
2A). The chemical mutagen used was 0.8% EMS (4L solution). The seeds were soaked 
in the chemical mutagen mixture in an aluminum foil covered-flask for 16 hours at room 
temperature with agitation (60rpm). The EMS-treated seeds (M1) were collected in a mesh 
bag and the EMS solution was decanted in a container with 1M NaOH to deactivate the 
mutagen. Rinsing the seeds in running tap water for 2 hours followed and the washings 
were collected in a container with 1M NaOH. Then the treated seeds (M1) were air-dried. 
In total, there were 100,000 of these treated seeds (M1) sown after treatment resulting to 
18,000 seeds at harvest (Jonas Padilla, personal communication, August 24, 2016). 
These 18,000  M2 were distributed equally into 3 subsets at IRRI for simultaneous  
phenotyping. The Grain Quality and Nutrition Center got 9853 M2 seeds for the purpose 
of this research (Figure 2B).  
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Figure 2. Mutant mapping Scheme via next generation sequencing adapted from Fekih 
et al., 2013. A. EMS mutagenesis. B. M2-Selection of segregating mutant. C. M3- 
confirmed mutant. D. M4- the selected chalky mutant family was planted in 60 hills per 
row with replicated IR64 wild type as check. E. Extreme pool sequencing. F. Sequence 
and variant analysis. G. Backcrossing for BC1F2 extreme pool segregant analysis. 
 
 
2.3 Cultural Management 
 
Throughout the growing season, 5cm standing water was maintained after 
transplanting throughout the cropping season and drained 3 days before harvesting. 
Inorganic fertilizer Nitrogen, Phosphorus and potassium (NPK) was applied at rate of 
120:30:30 Kg ha-1. To control weeds, insect pests and snails, appropriate chemicals were 
sprayed. Bayluscide (niclosamide, 0.25 kg a.i. ha-1) was sprayed just after transplanting 
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hectare) a post emergence herbicide was sprayed 4 days after transplanting (DAT). 
Furadan (Carbofuran, 1kg per hectare) was applied 5 DAT followed by Cymbush 
(Cypermethrin, 11 per hectare) ± Dimotrin (cartap hydrochloride, 0.25 kg per hectare) at 
16 DAT to control insect pests. 
 
2.4 Overview of the Phenotypic Screening 
 
 
A total of 9863 M2 lines from IRRI-HPR group were harvested from the Wet Season, 
September 2016.These were dried to ~12 to 14% moisture content. At least 20 seeds 
were separated for each of the lines to serve as remnant seed or starting material if the 
mutant is selected to be advanced. All of the remaining seeds for the 9863 mutants were 
dehulled/polished using Chinese electric hulling machine Jlgj-45 to separate husk and 
subsequently polished using Pearlest Grain Polisher by Kett, to remove the bran. The  
milled grains are then sorted according to head rice and broken kernels for milled grade 
scoring and selection (Figure 3). The visual milled grain score (MGS) enables separation 
of genotypes into phenotypic classes and similar to the procedure typically used for early 
generation screening procedure of grain quality for brown rice. This method has two 
parameters being measured: brokenness and chalkiness where both have scale of 1 to 
3. 
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Figure 3. Initial screening of the M2 mutants 
For brokenness: 1 has >75% whole grains, 2 has 50% whole grain and 50% broken 
grains, 3 has >75% broken grains. The second number is for chalkiness of the grains: 1 
has >75% of translucent grains, 2 has 50% translucent grains and 50% chalky grains, 3 
has >75% chalky/dull/opaque grains. After evaluation for MGS, 240 out of the 9863 
mutants were characterized for physical dimensions (seed length and width) and 
chalkiness using SeedCount 5000 Image Analyzer (Next Instruments, Sydney, Australia) 
housed in GQNSL. While this is normally availed thru paying for the service, in my case 
for all the mutant population, I did all the phenotyping using GQNSL’s equipment without 
charge since I am a student. Fifty eight putative mutants (putants) were selected on the 
basis of grain chalkiness and proportion of whole grains. These selected putants were 
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type as check for M3 phenotype confirmation (Figure 2C). Seeds were harvested from 
individual plants, dried to 12-14% moisture content, manually threshed, dehulled, milled 
and each line were characterized separately thereafter.  
 
Mutagenized but phenotypically unaffected lines were also grown alongside these 
mutants and the IR64 wild type. For our trait of interest, we prioritized looking into the 
mutant family 3848, with 17 siblings planted into 20-60 hills per row depending on the 
number of seeds available (Figure 2D). These samples were then dried to 12 to 14 % 
moisture content, manually threshed, dehulled and milled mainly for chalkiness, size and 
length characterization. Individual plants from these 17 rows of sibs in this family M3848 
were characterized separately. Mutant 3848-1-1 has 60 individual plants, 8 are 100% 
chalky and broken while 8 are translucent for both whole and broken grains and the rest 
have translucent whole grains and chalky broken grains. Using the 8 individual plants 
having the extreme phenotype, we made the mutant and wild type pools (Figure 2D) for 
physico-chemical analysis and whole genome resequencing through Illumina HiSeq 
XTen Platform with 30X coverage. Moreover, we also sent M3848-1-15-1 and M3848-1-
19-1 (Figure 2D) to represent the family that are all chalky and broken. 
 
2.5 Physical Traits Measurement in Polished Raw Grains 
 
 Grain quality is of prime importance to consumers upon buying rice grains. And 
this can take different meaning to different people depending upon the type of grain or 
seed and its intended use. Rutsaert et al., (2013) subdivided grain quality into search, 
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experience, and credence attributes. Search attributes are those intrinsic properties that 
consumers can readily evaluate and base their purchase decisions, which includes 
physical traits for rice grains such as length, width, and degree of chalkiness. Another 
important market criterion for valuation of milled rice into distinct classes is based on 
shape, where shape is expressed as the ratio of grain length to width: slender (>3.1), 
medium (2.1–3.0), and bold (≤2.0) are the categories.  Maintaining and enhancing these 
intrinsic properties is paramount  
 Total chalkiness as well as grain length and width of the polished grains were 
measured using SeedCount SC5000 (Next Instrument, Australia, Santos et al., 2018). 
The amount of chalk is assessed on the basis of the whiteness and the area of chalk, 
producing a Chalk Impact number that is equivalent to the percent grain chalkiness. Rice 
grains with chalkiness impact of greater than 50 is generally regarded as chalky as it 
roughly corresponds with 50% of the kernel area is chalky. 
 
2.6 Scanning Electron Microscopy (SEM) 
 
 For observation of cross-sections of endosperm, dried, rice dehulled and polished 
seeds were cut across the short axis with a razor blade. to expose the mid-section of the 
grain for imaging. The cross section of the grain was mounted to a specimen stub, that is 
a conductive tape on a glass slide. The SEM instrument used was from Hitachi, Model: 
TM 3000N (Figure 4B). Photographs of the cross sections of the grains were taken under 
1000x~2000x magnification at an acceleration voltage of 15kV, and backscattered 
electron (BSE) mode. Scanning electron microscopy was done in SigmaTech, by the in 
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house Material Science Specialist in NASAT Alabang, Muntinlupa City, Philippines while 
I prepare the cross sections of the samples and mount it in the conductive tape on 
specimen holder (Figure 4 A).  
  




2.7 Physicochemical Analyses 
 
 To further characterize and understand the starch structure and cooking quality of 
the chalky mutants, starch structure was analyzed through size exclusion 
chromatography (SEC) using high performance liquid chromatography (HPLC).  
Amylopectin content was determined quantitatively by fluorescent assisted capillary 
electrophoresis (FACE or CE). Total starch and total sugar are measured via wet 
chemistry methods. Each method is discussed in greater detail below. Each 
measurement has three technical replicates  (n = 3). All of these analyses were done at 
the Grain Quality and Nutrition Laboratory. Additionally, the samples were sent to Grain 
A B 
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Quality and Nutrition Service Laboratory at IRRI for apparent amylose content, total 
protein content and cooking quality was determined via iodine based method, Kjeldahl N 
and rapid visco analyzer (RVA) respectively.  
 2.7.1 Chemicals and equipment 
 
Assay kits for Glucose Oxidase-Peroxidase (GOPOD, K-GLUC 07/11), and Total 
Starch (AOAC Method 996.11 / AAC Method 76.13) were obtained from Megazyme 
(Bray, Ireland). Analytical reagent grade chemicals needed in this study are the following: 
absolute ethanol, potassium hydroxide (KOH), glacial acetic acid, sodium hydroxide 
(NaOH), calcium chloride monohydrate (CaCl2 . H2O) and maleic acid.  
Benchtop centrifuge (Beckman Coulter ™ Allegra ™ X-22R), UV-Vis 
spectrophotometer (Beckman Coulter, DU800) and shaking water bath (Julabo, SW22) 
are the equipment to be used for total and total sugar analysis. SEC (Waters Alliance 
2695) and CE (P/ACE MDQ Beckman Coulter, Fullerton, CA, USA) were used for starch 
structure analysis. 
 2.7.2 Apparent amylose content  
 
Amylose content was measured at the Grain Quality and Nutrition Service 
Laboratory (GQNSL) using a San ++ Segmented Flow Analyser (SFA) system (Skalar 
Analytical B.V., AA Breda, The Netherlands) according to the AACC Method 61-03 
(AACC, 2000a). A test portion of rice flour (100 mg) was suspended in 1.0 ml 95 % 
ethanol. Then, NaOH (9.0 mL, 1.0 N) was added, followed by heating in a boiling water 
bath (95 °C, 10 mins). The gelatinized sample was then allowed to cool for at least 2 
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hours and diluted to 100 mL with deionized water. Amylose content was determined 
through iodine colorimetry in the San++ SFA equipped with a 620 nm wavelength filter 
and a 10-mm flow cell. Sample injection rate was set at 0.42 mL min–1. Absorbance was 
measured at 620 nm. Amylose content was quantified from a standard curve constructed 
from the absorbance values of the following reference rice varieties: IR65 (1.4 % AC), a 
mixture of IR65 and IR24 (8.4 % AC), IR24 (15.2 % AC), IR64 (23 % AC), and IR8 (28.4 
% AC). Standard rice varieties were sown and harvested at IRRI fields, Los Baños, 
Laguna during the dry season of 2007.  
 2.7.3 Characterization of debranched starch by size exclusion chromatography 
 
Starch structure analyses were done by subjecting the native starch samples to 
debranched SEC (Butardo et al., 2017; Ward et al., 2006). Prior to analysis, Waters 
Alliance 2695 (Figure 5) fitted with Ultrahydrogel 250 (Waters) was calibrated for 
molecular weight using pullulan standards (P-82 Shodex, Showa Denko, K. K. Kawasaki, 
Japan). Universal calibration was performed using Mark– Houwink–Sakaruda equation 
(K = 0.00126mLg–1 and a = 0.733 for pullulan, and K = 0.0544mLg–1 and a = 0.486 for 
linear starch) as described in Castro et al, (2005). Waters 2414 Refractive Index was used 
as detector and 0.05 M NH4OAc pH 4.75 with 0.02% sodium azide as mobile phase.  
Fifty mg of milled rice flour was gelatinized by the addition of 400 μL of 95% ethanol and 
1 mL of 0.25 M NaOH. The mixture was heated at 150 °C for 12 minutes while stirring, 
with the addition of 0.8 mL hot water in 800 μL aliquots (three times). The total weight of 
the solution was adjusted to 4 g by the further addition of hot water. To debranch the 
gelatinized solution, 794 μL aliquot was mixed with 206 μL of sodium acetate buffer (10 
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mL 0.2 M NaOAc pH 4.0 with 360 μL glacial acetic acid). The solution was incubated with 
8 μL of isoamylase (Megazyme, P113541) at 50 °C water bath for 2 hours with intermittent 
mixing. Afterwards, the tubes were placed in boiling water bath for 5 minutes and 
centrifuged at 12,500 rpm for 10 minutes. The supernatant was transferred to a tube 
containing approximately 320 mg ion exchange resin (Bio-Rad AG 501-X8 (D)) and 
incubated for 30 minutes at 50 °C with mixing every 10 minutes. The same conditions for 
calibration were used for the samples, with an injection volume of 40 μL and stop time of 
35 minutes. The following molecular weight distribution (MWD) of starch fractions were 
estimated from the SEC: Long Chain Amylose (LCAM) with DP >1000, Intermediate 
Chain Amylose (ICAM) with DP 1000-121 and total amylose (AM) as the sum of LCAM 
and ICAM (Butardo et al., 2011). In addition, the following were derived from the 
amylopectin region: Medium Chain Amylopectin (MCAP) with DP 120-37, Short Chain 
Amylopectin (SCAP) with DP 36-6 and total amylopectin (AP) as the sum of MCAP and 
SCAP (Butardo et al., 2011). 
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Figure 5. Size exclusion chromatography set up. 
 2.7.4 Chain length distribution by capillary electrophoresis 
 
Sample preparation and analysis were done based on the method of O'Shea et al 
(1998). An aliquot of the debranched sample (100 μL) from the SEC was dried using a 
concentrator (Speedvac Concentrator Savant, Sunnyvale, CA, USA) and 3.5 μL 0.2 M 8-
amino-1, 3, 6-pyrenetrisulfonic acid (APTS) (Sigma, St Louis, MO, USA) in 15% acetic 
acid and 3.5 mL 1 M sodium cyanoborohydride was added. The mixture was incubated 
for 16 hours at 50 °C to label the samples. Afterwards, 40 μL6 M urea and 40 μL water 
were added. The reaction mixture was filtered and transferred into vials. The labelled 
amylopectin chains were separated by CE56 (P/ACE MDQ Beckman Coulter, Fullerton, 
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CA, USA, Figure 6) using N-CHO capillary (PA800 Beckman Coulter) with settings 
optimized for starch analysis and data were recorded and analyzed using 32 Karat 7.0 
software (Fullerton, CA, USA). The mol% was calculated by getting the percentage area 
of each peak with respect to total area. 
 




  2.7.5 Determination of the Total Starch content 
 
The total starch content will be determined by following the recommended 
procedures of the Megazyme Total Starch Assay (K-TSTA), modified to conduct the 
screening assays in microscale with sample and reagent amounts downscaled ten-fold 
as originally optimized by Butardo et al. (2011). 
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The rice flour samples were weighed into 10.0 mg (±0.1 mg) and placed in 
separate microtubes. To aid dispersion and to facilitate defatting, 0.5 mL aqueous ethanol 
(80% v/v) will be added and incubated for five minutes at 80°C. After incubation, the same 
volume of ethanol was added, and the samples were centrifuged at 3,000 rpm for 10 
minutes. The supernatant will be transferred to separate microtubes (for total sugar 
determination). The pellets obtained upon resuspension in the preparation of samples 
were used for total starch determination. To aid in dispersion and defatting, 1 mL of 80% 
ethanol were added to the pellets and homogenized using a vortex mixer. The samples 
were centrifuged at 13,000 rpm for 10 minutes. The pellets obtained and added with 0.2 
mL of 2M KOH. The samples were constantly stirred while submerged in an ice bath for 
approximately 20 minutes. While stirring, add 0.8 mL of 1.2 M sodium acetate buffer (pH 
3.8), followed by 10 μL of thermostable α-amylase (3,000 U/ml), and 10 μL of 
amyloglucosidase (AMG) (3,300 U/ml). Samples were incubated at 50°C for 30 minutes 
with intermittent mixing to ensure removal of lumps in the sample and centrifuged. 
A 100 μL aliquot was obtained and 3.0 mL GOPOD reagent was added. Samples 
were incubated at 50 °C for 20 minutes. The absorbance (Beckman Coulter DU 800 
spectrophotometer) was determined at 510 nm against a blank solution consisting of 
water and GOPOD. Total starch was calculated based on the absorbance of 1 mg/ml 
D-glucose standard.  
 
Percent starch will be calculated using the formula: 
Starch, % = ΔA x !
"
 xFV x 0.9, as derived from 
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ΔA = absorbance (reaction) reading against the reagent blank; 
F = *))	(12	34	56271839:)
<=93>=<?8:	43>	*))	12	34	271839:















 = factor to express “starch” as a percentage of flour weight; 
 








Starch levels are expressed in % w/w dry weight basis using the formula: 




 2.7.6 Determination of the Total Sugar content 
 
The pooled supernatant obtained from the resuspension were used for total sugar 
content determination. Samples will be analyzed using the method of Blakeney and 
Mutton (1980), with corresponding modifications in order to quantify the total sugars in 
terms of percent glucose. The pooled supernatant will be subjected to a speed vacuum, 
after which 200 μL of maleic acid buffer and 300 μL invertase (150U/mL) will be added to 
the solution. The samples will be incubated for 30 minutes at 37°C, and then placed to a 
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boiling water bath for another four minutes. After cooling the samples in an ice bath, 0.1 
mL aliquots will be obtained, followed by the addition of 3 mL of GOPOD reagent. The 
solutions will be incubated for 20 minutes at 50°C. Absorbance at 510nm will be read on 
the spectrophotometer (Beckman Coulter DU800) in order to quantify the total sugars, 
present in the samples. 
 Total sugars in terms of percent glucose will be quantified as follows: 
% glucose = Cb	271839:	34	9<Bc7:
*)	Cb	G^GKGEF	LFJIM	`\GbdK
	e	100%, where  
Calculate mg of glucose by using the formula:  
mg of glucose = 
∆A
F  × volume 
Where: 
A = absorbance of the sample against blank 
F = average absorbance of glucose standard 
V = 0.5 ml 
 
 2.7.7 Pasting Property 
 
This cooking property of rice are primarily measured by Rapid Visco-Analyzer 
(RVA), which mimics the process of cooking and monitors the changes to the slurry of 
rice flour and water during the test. The slurry is stirred constantly with a paddle and 
heated at the same rate. Viscosity is the measure of resistance of the slurry to the paddle. 
Rice pasting properties were measured at the GQNSL using a Rapid Visco-
Analyzer (RVA, Model 4-D, Newport Scientific, Warriewood, Australia), following the 
AACC Method 61-02 (AACC, 2000b). In brief, flour (3 g) was suspended in deionized 
water (25 g) in an RVA canister. The suspension was subjected to continuous stirring at 
960 rpm at 50 °C for 4 s, followed by the standard temperature profile: stirring at 160 rpm; 
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holding at 50 °C for 1 min; heating from 50 °C up to 95 °C; holding at 95 °C for 1.4 min; 
cooling from 95 °C to 50 °C; and holding at 50 °C for 1.3 min. A heating and cooling rate 
of 11.6 °C min–1 was applied. The RVA temperature profile was controlled by the 
Thermocline for Windows (TCW) software 2004 (version 2.4). The same software was 
used to record the viscosity profiles. The values of pasting temperature, peak time, PV, 
TV, FV, and pasting temperature were obtained directly from the resulting viscosity profile 
curve using the TCW analysis window. Breakdown (BD = PV – TV), setback (SB = FV – 
PV), and lift–off (LO = FV –TV) (Bao, 2008) were calculated by the software.  
 
2.8 Protein Content determination by Kjeldahl N 
 
Protein content were measured at the GQNSL following the AACC 2000 using the 
Kjeldahl method using a Kjeltec-Foss 70 2400 Auto-analyzer using 5.95 as the nitrogen 
to protein conversion factor. Total Kjeldahl Nitrogen is determined by converting the 
various organic nitrogen forms to NH4+ and then measuring the NH4+ N concentration. 
To do this, a measured weight of ground sample material is digested in a mixture of conc. 
H2SO4, K2SO4 and Selenium at about 380°C for a certain period of time. The ammonium 
formed is determined colorimetrically in a continuous flow analyzer by reacting it with 
sodium salicylate in the presence of sodium hypochlorite and nitroprusside to form an 
emerald green complex (the modified Berthelot reaction) whose intensity is measured at 
660 nm. This method only partially converts nitrate, thus samples with high nitrate levels 
must be pretreated with salicylic acid-thiosulfate to ensure complete conversion (Bremner 
and Mulvaney, 1982; Bremner, 1996). 
 53 
2.9 Sequencing Analysis 
 
 Construction of DNA pools or bulks of the mutant and wild type based on 
phenotype from M4 family 3848-1-1 because this family has consistently shown 
segregation for chalkiness from 0 to 100 (Figure 2E). These two bulks were sent for whole 
genome sequencing to BGI-Hong Kong using Illumina HiSeq XTen platform with 30X 
coverage. Removal of low-quality bases (Illumina phred quality score Q < 20) (Ewing et 
al., 1988). From this point forward, the steps were done using SIMPLE Pipeline (Figure 
7, Waschman et al., 2017). The pipeline takes in the 2 paired-end reads in fastq file. It is 
so simple that it only requires the user to set the species of your samples from the list in 
the database they also provided, this is so the pipeline will know which reference genome 
to pull out and use for read alignment. It also requires you to install GATK and rename 
the input files as specified in the README file and execute simple in bash. 
In brief, the pipeline align the reads to the reference genome using the BWA 
software (Burrows-Wheeler aligner) (Li and Durbin, 2009) to the Nipponbare reference 
genome, alignment was then refined and filtered using SAMtools (Li et al., 2009) and 
Picard highlighted in blue. SNPs are then called by GATK Haplotyper (McKenna et al., 
2010). SNPs and variant table are created by GATK followed by selection of potential 
candidate SNP(s) and plotted by R scripts that is also in the pipeline. The pipeline has 
four output files stored in output folder including the (1) EMS.SNP.txt that gives the SNP 
calls, (2) EMS.candidates.txt gives the most likely candidate gene(s), (3) 
EMS.Rplot.loess1.pdf and (4) EMS.Rplot.loess3.pdf show the chromosomal location of 
each SNP, plotted  
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Figure 7.The SIMPLE pipeline workflow. User-required actions are in yellow, and SIMPLE 
actions are in blue. The specific program that executes the action(s) of SIMPLE is 
indicated at the bottom of each blue box.(Washman et al., 2017). 
 
against a LOESS-fitted ratio variable and the most likely candidate SNP(s).  







wt>:4 is the number of reads in the WT bulk that are called with the reference genome 
nucleotide, wt<7h is the number of reads in the wild-type bulk that are called with a non-
reference genome nucleotide, mutref is the number of reads in the mutant bulk that are 
called with the reference genome nucleotide, and, mutalt is the number of reads in the 
mutant bulk that are called with a non-reference genome nucleotide. This ratio  represents 
the allele frequency between the two bulks. It should be around 0 for unlinked SNPs and 
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approximately 0.66 for the causal mutation and genetically linked SNPs. Upon inspection 
of the these output files, the most likely candidates genes are identified based on two 
criteria: (1) The SNP should be homozygous for the alternate allele (only reads that are 
different from the reference genome) in the mutant bulk and with an approximately 2:1 
reference:alternate read ratio in the wild-type bulk. (2) The mutation should have a 
significant effect on the protein (e.g. splice acceptor, splice donor, start lost, stop gained, 
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Chapter 3. Results and Discussion 
 
3.1 Mutant Screening 
 
 Nine thousand eight hundred fifty-three M2 IR64 mutants were dehulled, milled, 
and scored for milled grain score (Figure 8). The frequency distribution of the M2 IR64 
mutants showed a wide range of phenotypic variation for chalkiness, % intact 
grain(wholeness) and % broken grain (Figure 9, Figure 10)). The list was narrowed to 240 
putants from M2 populations on the basis of increased and decreased chalkiness and 
increased % broken grains compared to the wild type (Figure 8) by growing them in dry 
season of 2017 for phenotype confirmation. Out of these, forty-three putants were 
advanced to M4 on the basis of segregation for chalkiness, size and % whole grains 
(Appendix B) with 20 hills per row in 3 replicates along with replicated IR64 wild type. 
From this, mutant family 3848 (named here after as M3848) were selected due to its 
consistent segregation for increased chalkiness and because it showed homozygous 




Figure 8. Overview of the Mutant Screening Process 
     
 Most of the M2 mutants are still translucent however a significant amount of them 
have greater than 50% broken and 75% of the M2 population are broken that would imply 
lower head rice yield (Table 3). Brokens, are the resulting kernels that are less than three 
fourths of an intact kernel: the remaining kernels are referred to as head rice (Odek et al., 
2017).  IR64 wild type as we know have a moderate head rice yield that can go up to 55% 
(Mackill and Khush, 2018). This big amount of translucent brokens, in this mutant 
population could be due to internal fissuring in kernel induced by the drying process 
(Sharma and Kunze, 1982). Nguyen and Kunze (1984) demonstrated that drying air 
temperature had a significant effect on fissuring of rough rice and that a 10°C post-drying 
storage temperature produced more fissured kernels than that of 45°C. Kernel fissures 
drastically reduce the mechanical strength of rice kernels and typically cause kernel 
breakage during milling, thereby reducing HRY (Siebenmorgan et al.,2005). Furthermore, 







1 M3 family (Mutant_3848) 
               17 lines 
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Table 3. Milling Grade Score Phenotypes of M2 mutants 
WS2016_M2 0 to <50% 
Chalky 
50  to 75 % Chalky >75% to 100% 
Chalky 
0 to <50% broken 57 2 2 
50 to 75 % broken 1916 98 13 
>75 to100 %Broken 7356 223 16 
 
grain fissures leading to such great number of mutants with broken grains. For our study, 
we selected M2 mutants that falls under the category of (a) whole grains with greater than 
fifty percent chalky grains, those with milling grade score of 2-1, (b) mutant phenotypes 
with 50-75% chalky phenotype with less than seventy five percent broken chalky grains, 
milling grade score 2-2 and (c) those with 50-75% chalky phenotype with 100% broken 
grains, milling grade score 2-3 (Appendix A, Table 12). 
A total of two hundred and forty selected putants were selected from the initial 
screening. From the selection under translucent category, forty-six are under the category 
whole (less than 50% are broken) with MGS score of 1-1, seventy-nine are 50 to 70% 
broken with MGS score of 1-2 (Figure 9 A, first and second panel, M1961 M3848), and 
seventy are broken with MGS score of 1-3. Under the 50 to 75% chalky category, two are 
whole with MGS score of 2-1, twenty-one are 50 to 70% broken with MGS score of 2-2 
and seventeen are broken with MGS score of 2-3 (Figure 9 A, third panel, M3093). For 
the chalky selections, two are whole with MGS score of 3-1 (Figure 9 B, first panel, 
M1266), one is 50 to 70% broken with MGS score of 3-2 (Figure 9 B, second panel, 
M1741), and two that are broken with MGS score of 3-3 (Figure 9 B, third panel,M1747).

















Figure 9. Stereomicroscope image of some selected putative mutants at M2. Scale: 2mm. 
A. whole and broken grains of M3848, M1961, M3093. B. Mutants that were all broken 
upon milling: M1266, M1741, M1747 
 
 Also noteworthy is that the translucent part of the grains is permeated by light of 
an illuminator (Figure 9A M3848 whole), whereas those of chalky parts and grains 
appeared dark because of the diffused reflection by the chalky portion. The cross-section 
of brown rice kernels showed differences in the degree of chalkiness among mutant lines 
as well.These 240 putants were further characterized in terms of their instrumental 
chalkiness values, grain width, grain length and length to width ratio using 
SeedCount5000 machine (Figure 10).   
M3848 M1961 M3093 
M1266 M1741 M1747 




EMS induces random mutations in the genome so that endosperm mutants can be 
identified. The phenotypic spread of chalkiness values of the selected putants at M3 still 
ranges from zero to 100% (Figure 10A). In terms of grain size and shape, there are many 
studies that indicated the effect of gene affecting grain width influencing the amount of 
chalkiness in rice grains (Zhao et al., 2015, Gong et al., 2017). From a GWAS study of 
Gong et al., 2017, qSW5/GW5/GSE5 and GL7/GW7 controlling grain width and grain 
length respectively, showed that allele with higher length-to-width ratio showed a lower 
level of chalkiness. However, this relationship cannot be conclusive because in that same 
study they found that the allele harboring the advantageous allele of Ghd8/DTH8, 
associated with higher yield and lower chalkiness, have lower length-to-width ratio, 
suggesting the complicated genetics of chalkiness. From our study, it can be observed  
that 90% and 94% of the selected mutants have shorter grain length, and smaller grain 
width compared to IR64 wild type (IR64_WT), (Figure 10 B and C) while more of the 
selected putants have higher length-to-width ratio compared to the IR64 wild type. But 
the M3848 mutant we selected has no significant difference from IR64_WT in grain size 
but showed higher % of chalk. Upon looking into the percent of whole grains after milling 
more than ~91 percent of the selected putants have lower percent whole grains (head 




    
    
 
Figure 10. Frequency distribution of 240 rice M2 EMS mutants of IR64 for physical traits.  
(A). Chalkiness measured by SeedCount 5000. (B). Grain Width. (C). Grain Length. (D). 



















































































At M3, the harvested mutants were phenotyped once more for the same traits to confirm 
the consistency of phenotypes. There are 85 families at M3 that were grown and 
evaluated alongside IR64_WT (Figure 11), of which fifty-eight of these candidate mutant 
families are selected due to their segregation for chalkiness. The kernel density plot 
shows how wide is the distribution of chalkiness of the M3 families still ranging from zero 
to 100% chalkiness compared to the chalkiness of the IR64 wildtype that is only around 
0-5% (Figure 11).  The most interesting family to note is M3848 having wide distribution 
of chalkiness values within this family that range from zero to 100 (Figure 12).  
 
         Figure 11. Kernel density plot of IR64_WT versus selected M3 mutants 
 
Among M3 characterized mutant families, M3848 showed significant difference from the 
IR64 wild type (t-test with Bonferroni correction at r =0.05). Hence, we prioritized this 
family for advancement to M4 intended for a more in-depth biochemical characterization 
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Figure 12.  Distribution of Chalkiness in M3 families with IR64_WT.  
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and phenotyping. There are total of 19 individuals that comprise M3848 mutant family 
(Figure 13). Out of the 19 siblings of M3848, 17 have successfully germinated and thus 
advanced to M4 with at least 40 hills to at most 60 hills per lines. The ones in red highlight 
in Figure 13 are the ones used for sequencing. M3848-1-1 is where DNA pools of the 
phenotypic extremes were constructed. After harvest of M4, the seeds were again 
processed and measured for % chalkiness using SeedCount 5000. M4 advanced M3848 
derived mutant families have a % chalk distribution ranging from 0 to 100% that is 
significantly different from the distribution of chalkiness of IR64_WT (Figure 14). Looking 
into more details of the mutant families, it is observed that although M127-1-1, M3862-1-
3 and M3848-1 all have higher chalk phenotypes that are significantly different from 
IR64_WT’s mean, the spread of the values of chalkiness of M3848 is still the most 
pronounced phenotype (Figure 14).  There are seventeen members of M3848-1 family 
from M3 that were advanced and screened at M4. Out of which six are homozygous for 
increased chalkiness including M3848-1-6, M3848-1-8, M3848-1-15, M3848-1-16, 
M3848-1-1-18 and M3848-1-1-19, while 4 mutants including M3848-1-1-2, M3848-1-55, 
M3848-1-10 and M3848-1-14 do not significantly differ from the IR64_WT, (Figure 
15).The rest of the members of M3848 family segregates with distributions ranging from 
0 to 100%. M3848-1-1 have 60 individual plants at M4, 8 have grains that are fully chalky 
and broken, 8 have translucent whole and broken grains and forty-four that have 
translucent whole grains and chalky broken grains (Figure 16).  M3848-1-15-1 have a 
total of forty individual plants and M3848-1-19-1 have twenty-eight individual plants at 





























M3848-1-15-1 and M3848-1-19-1 were also sent from whole genome sequencing along 
with the two extreme DNA pools (Figure 16).  
 
  






Figure 15. Distribution of chalkiness (%) in M3848 family at M4. 
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Figure 16.  Images from SeedCount5000 of IR64_WT and some of M3848 family at M4. 
 
3.2. Characterization of the M3848 mutant 
 
3.2.1 Morphological Observation of Starch Structure between Wild type and Chalky 
Mutants 
 
 In this study, scanning electron microscopy (SEM) analysis showed consistent 
results to earlier reports (Figure 17 right panel). In IR64_WT,  compound starch granules 
(amyloplasts) were tightly packed, and single polyhedral starch granules were densely 
packed in compound starch granules (Figure 17 B and C, left panel). On the contrary, 
loosely packed compound starch granules and single starch granules were observed in 
the chalky mutants, M3848-1-15-1 (Figure 17 B and C, right panel). Moreover, the 
compound starch granules in chalky mutants (Figure 17 B and C; Figure 18 A to H) are 
spherical and the single starch granules are rather irregularly shaped as well. This lose 
packing also resulted in more airspaces in M3848-1-15-1 mutant compared to the dense 
 
M3848-1-15-1
40/40 chalky and broken
IR64_WT
M3848-1-1-19
one of the translucent_pool
M3848-1-1-3
8 are like these, chalky and broken
One of the chalky_pool
M3848-1-19-1

























Figure 17. Grain morphology and scanning electron micrographs of cross sections of 
kernels in IR64_WT and chalky mutant. A. Grain images from SeedCount. The 
magnification is 1200x in B, 1500x in C. Arrows indicate single starch granules; cs, 
compound starch. Bars, 50 µm. 
 
 
package of polyhedral starch and compound starch in the translucent or low chalk  
mutants, including: M3848-1-1-19, M3848-1-1-28, M3848-1-1-31, M3848-1-1-34, M3848-
1-1-48, M3848-1-1-51, M3848-1-1-54, and  M3848-1-1-57  (Figure 18 I to P) and 
IR64_WT. This difference in morphology and difference in arrangement of starch granule 








































Figure 18. Scanning electron micrographs of the M3848-1-1 family at M4 where extreme pools were made. (A)M3848-1-1-
3 (B)M3848-1-1-10 (C) M3848-1-1-24 (D) M3848-1-1-25 (E) M3848-1-1-32 (F) M3848-1-1-45 (G) M3848-1-1-50 (H) M3848-
1-1-53 (I) M3848-1-1-19 (J) M3848-1-1-28 (K) M3848-1-1-31 (L) M3848-1-1-34 (M) M3848-1-1-48 (N) M3848-1-1-51 (O) 
M3848-1-1-54 (P) M3848-1-1-57. 
The magnification is 1800x. Bars, 50 µm. A to H from chalky grains; I  to P from translucent grains.
A B C D 
E F G H 
I J K L 
M N O P 
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 These microscope observations indicate that in translucent endosperms (i.e. 
IR64_WT, translucent_pool) the starch granules are polygon in shape and is tightly 
packed with very minimal interspace among the starch granules. On the contrary, in 
chalky endosperms of M3848-1-15-1 and chalky_pool, the shape of starch granule is 
irregular and the arrangement is loose leaving more air spaces in between. The significant 
difference in the shape, structure and arrangement of starch granule results in chalkiness 
formation. These results are consistent with earlier studies that have shown the irregular 
and loose arrangement of starch granule leading to very small amount of light 
transmission thus opacity in chalky endosperm (Zhou et al., 2009, Li et al., 2014, Wada 
et al., 2014, Gao et al., 2016). 
 
3.2.2 Differences in Physico-chemical Properties of in Endosperm  
 
Grain shape, including grain width, length and length-to-width ratio, and grain 
chalkiness are two important grain quality attributes that dictates market niche and price 
of the rice grains. Recent report of Gong et al., (2017) showed that the genes underlying 
grain chalkiness include genes involved in grain shape (qSW5,GW5,GSE5, GL7/GW7). 
M3848 had a higher percentage of chalkiness, markedly different from that of the 
IR64_WT, though both had similar grain width (Figure 18E, Table 5). Wakamatsu et al., 
(2005) reported the occurrence with milky white chalkiness in japonica grains with smaller 
grain length, width and thickness compared to its translucent counterpart. While, Miyazaki 
et al., (2014)  showed that chalkiness was higher in cultivars with increasing grain widths 
or thickness. With these earlier reports, clearly grain shape and grain chalkiness are 
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interrelated although the mechanism is still unclear. In this study, the chalky mutant had 
significantly shorter grain length and smaller LWR compared to IR64_WT but no 
significant changes was observed in grain width. 
Table 4. The grain shape of the rice mutant compared to IR64 wild type. 
Genotype Grain Length Grain Width LWR 
IR64_WT 6.26±0.18 2.06±0.05 3.03±0.09 
M3848-1-15-1 6.11±0.21* 2.06±0.02 2.96±0.11* 
LWR-Length-to-width ratio 
*represent significance at p<0.05.by Student’s t-test. 
 
 The mutant, M3848-1-15-1 and mutant bulk are significantly different in % 
chalkiness from the IR64_WT and wild type bulk, while there are no significant difference 
between M3848-1-15-1 and mutant bulk and IR64_WT and wild type bulk respectively 
(Figure 19E). 
Starch and protein are the two main components of rice endosperm and therefore 
are key to quality. Chalk formation in rice grains has been reported to be associated with 
amyloplasts packaging and some studies have shown its association with protein content 
(Ashida et al., 2009, Zhu et al., 2018, Chun et al., 2009). Following the significant 
difference in morphology and arrangement of starch granule in IR64_WT and the chalky 
mutants, the starch physicochemical properties along with protein content were also 
examined. The total protein content of M3848-1-15-1 and mutant bulk (pool of rice flour 
from M3848-1-1 sibs with increased chalk phenotype) was significantly higher compared 
to IR64_WT (Figure 18a). While the wild type bulk (M3848 sibs with translucent 
phenotype) had no significant difference from the IR64_WT.  Proteins comprise about 5-
8% of the rice endosperm (Kaneko et al., 2016). Earlier reports have shown that 
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endosperm with increased chalkiness is usually associated with lowered protein content  
(Chun et al., 2009) but a more recent study showed no significant difference in protein 
content in chalky endosperm (Zhu et al., 2018, Wang et al., 2015). This is the first report 
where chalky endosperm was shown to have a significant increase in total protein 
content. This is a clear indication that the mechanism of chalk formation varies. 
 
Total starch  and apparent amylose content had significantly  decreased in the 
chalky mutant M3848-1-15-1 and mutant bulk (from M3848-1-1) compared to IR64_WT 
and wild type bulk (from M3848-11-1,Figure 19 C,D ). Moreover, the total starch of M3848 
is significantly different from mutant bulk. IR64_WT falls under intermediate amylose 
class while the chalky mutants (M3848-1-15-1 and mutant bulk) falls under lower limit of 
the intermediate class. This is consistent with earlier reports of chalky endosperm 
generally having lower amylose content. However there were studies that reported no 
significant changes in amylose content in chalky endosperm (Ashida et al., 2009), it is 
unlikely that decreased amylose content alone leads to chalkiness formation. Similarly, 
there is significantly higher total soluble sugar (Figure 19B) from M3848-1-15-1 and 
mutant bulk compared to IR64_WT and wild type bulk. The soluble sugar can accumulate 
in grain filling after starch biosynthesis (Smyth et al., 1986). This increase in total soluble 
sugars is in agreement with the early reports of  Chun et al., (2009 ) that postulated could 






Figure 19. Chalk and physico-chemical phenotypes of the mutant, chalky, poll, wild type 
bulk (WT_Bulk) versus IR64 wild type.  A. Protein Content. B. Total Sugar. C. Total 
Starch. D. Apparent Amylose Content and E. Chalkiness. Each fraction is calculated 
based on 100% starch. Values represent the mean ± STD of 3 analytical replicates. 
Means with the same letter are not significantly different based on pairwise mean 
comparison of variance through based on pairwise mean comparison of variance through 
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an increased total soluble sugars namely glucose, maltose, sucrose, maltotriose, and 
maltotetraose at the expense of starch,  which could be due to starch degradation by the 
enzyme, α-amylase, which is a typical endoglucanase, which produces oligosaccharides 
(Nakata et al., 2017). Previous metabolomic studies of chalky and translucent 
endosperms showed that high temperature promoted the accumulation of glucose and 
sucrose in the mature grains (Yamakawa and Hakata, 2010; Kaneko et al., 2016). Yet, it 
was unclear whether such accumulation originated from the degradation of starch or 
reduced consumption for starch biosynthesis. In this study, it seems that the latter is the 
more seeming scenario in the chalky mutant since no temperature stress was induced in 
this study. 
 
Several studies have shown that abnormality of rice endosperm can be caused by 
disorder of starch biosynthesis in the endosperm. Amylose is the linear component of 
native cereal starches with a degree of polymerization (DP) <5000, whereas amylopectin 
is highly branched biopolymer with a DP of 5000–50 000 (Ball et al., 1998). Upon 
debranching of the starch by isoamylase, amylopectin chains are in the range of DP 6–
120, while amylose is in the range of DP 230–10 000 (Takeda et al., 2003; Ward et al., 
2006; Fitzgerald et al., 2009). Granule-bound starch synthase I (GBSSI), encoded by the 
Waxy (Wx) gene, is indispensable for amylose biosynthesis. Amylopectin on the other 
hand is synthesized by several isoforms of starch synthases, starch branching enzymes, 
and starch debranching enzymes (Smith, 2001; Nakamura, 2002; Ball and Morell, 2003; 
Tetlow et al., 2004; Jeon et al., 2010).  
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In terms of amylose content, there are different reports about chalkiness and 
amylose relationship. In general, most studies indicated that higher chalkiness might be 
accompanied with lower amylose content (Kang et al., 2005; Wang et al., 2008; Gao et 
al., 2016), while other studies indicated that higher chalkiness might be accompanied with 
higher amylose content (Fujita et al., 2007; Guo et al., 2011) and in the study of Zhou et 
al., 2009, there was no apparent change in amylose content between higher chalkiness 
material and lower one. Our results showed, that the mutant, M3848-1-15-1 (AAC 15.6) 
and mutant bulk (AAC 15.9), (Figure 19D) has significantly lower apparent amylose 
content  than the IR64_WT(AAC 22) and the wild type bulk (AAC 19.2) and size exclusion 
chromatography results showed that the amylose fraction of M3848-1-15-1 obtained by 
high performance size exclusion chromatography was lower than IR64_WT but higher 
amylopectin fraction, which can be attributed by the increase in short chain length AP 
(Figure 20B. Following the DP delineation method described by Butardo et al (2011), the 
amylose fraction of the debranched starch was subdivided into AM1 with DP >1000, AM2 
with DP 121-1000, and the amylopectin fraction into medium chain amylopectin (MCAP) 
with DP 37-120 and short chain amylopectin (SCAP) with D6-36. In this study, the mutant, 
M3848-1-15-1has significantly lower AM1, AM2 (Figure 20A), and a significantly higher 
SCAP and significantly lower MCAP fraction compared to IR64_WT (Figure 20B).  
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Figure 20. Molecular weight distribution of debranched starch (using debranched amylose 
(A) and amylopectin (B) of Chalky Mutant 3848-1-15-1 vs Wild Type at M4. IR36-AE is a 
high amylose mutant used as standard. Each fraction is calculated based on 100% starch. 
Values represent the mean ± SD of 3 analytical replicates. Means with the same letter 
are not significantly different based on pairwise mean comparison of variance through 
LSD (least significant difference) test. Values of test statistics are indicated by ¤ .The DP 
delineations are based on the method described in Butardo et al. (2011). 
 
 Amylopectin chain-length patterns have an important effect on starch properties, 
unit chains of debranched amylopectin can be divided into fraction A chains: fa (DP 6–
12), and fraction B chains including: fb1 (DP 13–24), fb2 (DP 25–36), and fb3 (DP >37) 
based on degree of polymerization. Distributions of these amylopectin fraction varies 
largely among different sources (Hanashiro et al., 1996). Chalky rice kernels have 
starches that reportedly have less amylose (more amylopectin) and more short branch-
chain amylopectin (less long branch-chain amylopectin) (Ashida et al., 2009; Chun et al., 
2009).  The interplay and proportion of these two plays an important role in cooking rice 
texture and gelatinization temperature (GT). Chen et al., 2007 showed that amylose 

































































distributions help explains variation in rice GT. Results of this study showed that the chain 
length distribution of amylopectin of M3848-1-15-1 was significantly different from 
IR64_WT (Figure 21A). Generally, the chalky mutant, M3848-1-15-1 has significantly 
higher fa and fb1 fractions than IR64_WT, and significantly lower fb2 and fb3 fractions 
(Figure 21B, table 5). The increase in the short outer chain in AP molecules has been 
shown to be associated with a lower gelatinization temperature and enthalpies, the sum 
of all endothermic changes that happens to the rice flour during heating, due to reduced 
efficiency of packing the starch crystalline region of the starch granule in sweet potato 
and buckwheat (Noda et al. 1998). The longer chain length of an individual double helix 
of the AP, provides more stability to is its gelatinization. This formation of double helical 
structure leading to crystallization requires a chain length of at least 10 for pure malto-
oligosaccharides (Gidley and Bulpin 1987). Thus, the higher amount of long AP chains 
(DP > 10) to form double helices leads to more stability in gelatinization. In rice, it was 
suggested that the lower gelatinization temperatures of chalky kernels could be due to 
more short branch chain amylopectin structure and lower hardness (Chun 2009). These 
results indicate that glucan chain branching was favored over chain elongation in line with 
the results of previous study of Lin et al., 2014, where the chalky part of the grains have 
low amylose and more short chains of AP compared to the translucent part of the notched 




Figure 21. Chain length distribution (CLD) profile of debranched starch (A) M3848-1-15-
1 Mutant vs IR64_WT. (B). Mol% difference of debranched amylopectin chains between 
IR64_WT and M3848-1-15-1.  Positive values indicate a decrease while negative values 
indicate an increase in the amount of chains compared to IR64_WT. 
 
 
Table 5. Amylopectin fractions between IR64_WT and M3848-1-15-1 









M3848-1-15-1 26.81±0.0459b 58.27±0.0159b 8.912±0.0079b 6.00±0.0016b 
Values represent the mean ± SD of 3 analytical replicates. Means with the same letter 




Results of this study shows that the mutant, M3848-1-15-1, has significantly 


































significantly increased setback (SB) (Figure 22, table 6). Trough viscosity (TV), Peak time 
(PT), pasting temp (PaT) and retrogradation (Retro) are significantly increased in M3848-
1-15-1, while breakdown (BD) is significantly decreased. The mutant, M3848-1-15-1, has 
low peak viscosity which could be due to its lower amylose content and its irregularly 
shaped starch granules, trough is higher because formation of networks of the leached 
amylose is faster than that of the wildtype. Final viscosity ultimately implies the texture of 
the cooked rice flour upon retrogradation. The mutant in this case, has significantly higher 
FV than the wildtype, leading to a significantly higher pasting temperature and thus longer 
pasting time. Although there might be significant difference in FV of the chalky mutant 
(M3848-1-15-1 and chalky_pool) compared to the wild type, such difference may not large 
enough to be perceived by human palate upon rice consumption. On the other hand, the 
chalky_pool has significantly lower PV, TV, BD, FV, and significantly higher SB, PT, PaT 
and Retro compared to the wild type bulk. Wild type bulk on the other has significantly 
higher PV and BD but lower TV, FV, SB, PaT and Retro, and same PT (table 6) compared 
to the IR64_WT.  The RVA profiles shows evident divergence of viscosity profiles among 
the chalky mutants (M3848-1-15-1, chalky_pool and translucent_pool). Among the 
mutants, M3848-1-15-1 has significantly longer PT and higher TV, BD, FV, SB, pasting 
time and retrogradation but with a significantly lower SB and FV (Figure 22).  
 
Viscosity curves are one of the most useful tools to classify rice genotypes into 
different quality classes and is used to indicate the cooking quality of rice (Blakeney et al 
1994, Okadome et al 1998, Fitzgerald et al., 2003).  Peak viscosity suggests the capacity 
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of the starch granules to absorb water and remain intact after gelatinization has occurred 
(Singh et al., 2009). Setback (SB), the difference between the final (FV) and peak 
viscosities (PV) correlates with the amylose content of the grain (Juliano et a1 1964); a 
more positive setback relates to a higher amylose content and with hard cooked rice 
texture. Higher final viscosity is related to retrogradation, with a low final viscosity 
correlating to a softer gel. Retrogradation otherwise known as lift-off, LO, is the difference 
between FV and trough viscosity (TV) implies the consistency of the gel upon cooling. 
Although the chalky mutants: M3848-1-15-1 and mutant bulk have significanty lower 
amylose content it’s significantly higher amount of amylopectin might cause the irregularly 
shaped starch granule to swell slowly in the presence of water and heat and reached the 
peak time later than the wild type and the wild type bulk (Figure 22). Pasting temperature 
is related with gelatinization temperature (GT) (Cuevas and Fitzgerald, 2012) and GT is 
related with amylopectin structure (Singh et al., 2009). Gidley and Bulpin (1987) reported 
that the presence of short chains with DP < 10 decreases the stability of double helix in 
amylopectin molecules, which lowers the gelatinization temperature. With moderate 
correlation with amylose content, it was speculated that pasting temperature could be 
caused by amylopectin structure. The high proportion of amylopectin long chains in high 
AC leads to (i) high interaction between amylose and amylopectin chain lengths (Tsai et 
al., 1997; Li et al., 2008b) and (ii) maintained starch granule structure (Patindol et al., 
2006, Patindol and Wang, 2003), therefore, starch granules would absorb water slowly 
and swell slowly resulting in gelatinization of starch at higher temperature (Singh et al., 
2009). High pasting temperature of rice sample suggests high energy costs would be 
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required during cooking (Cuevas et al., 2010). Other than amylopectin fine structure, 
granule-associated proteins and amylose characteristics may also contribute the peak 
time and pasting temperature. The difference in trend of the viscosity profile among the 
mutants, M3848-1-15-1, mutant bulk and wild type bulk,  is consistent with the findings of 
Cuevas (2009), who reported that Lao waxy rice varieties have diverse quality properties 
despite the absence of amylose and also a diverse quality properties within other amylose 
classes (Cuevas, et al., 2009).  
Table 6. Details of the Viscosity Profile. 
Genotype PV TV BD FV SB PT PaT Retro 
IR64_WT 2538a 1439a 1099a 3304a 766a 5.7a 85.30a 1865a 
M3848-1-15-1 2169b 1511b 658b 3709b 1540b 6.47b 87.45b 2198b 
Chalky_Pool 2008b 1094c 914c 2864c 856c 6.3c 80.65c 1770c 
Translucent_Pool 2664c 1312d 1352d 3036d 372d 5.7a 79.05d 1724d 
PV- Peak Viscosity, FV – Final Viscosity, PV-Peak Viscosity, TV-Trough Viscosity, BD-
Breakdown =PV-TV, FV-Final Viscosity, SB-Setback = FV-PV, PT-Peak Time PaT-




Figure 22. The RVA pasting curves of rice flours from IR64_WT and EMS mutant family 
M3848. 
 
3.3. Identification of Causal SNPs by Mutant Mapping 
 
Chalky endosperm is largely due to abnormally filled starch granules. However, it 
is a complex trait such that improvement of starch metabolism alone cannot address it. 
Many mutants of starch-metabolic genes have been characterized, but the few that was 
identified correspond to the known QTLs for chalkiness. To date, more than 140 QTLs 
(Tan et al., 2000; Li et al., 2003; Wan et al., 2005) and several genes have been cloned 
that influence the chalk trait, yet the underlying mechanism in cellular metabolism leading 
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those related to grain shape and size including GW2. GW2 is a major QTL for grain width 
and weight, increased grain size at the same time significantly increases the percentage 
of chalky grain (Song et al., 2007). Another candidate gene is GW5/qSW5 that negatively 
regulates grain size, while GS5 positively regulates cell proliferation in rice and is a closely 
associated major QTL for grain chalkiness, Chalk5. It has been demonstrated that plants 
harboring Chalk5/GS5/gw5 produce chalky and wide grain and a plant with 
chalk5/gs5/GW5 produces nonchalky and narrow grain (Li et al., 2014). Still, many mutant 
studies found that starch and protein alteration influence grain chalkiness (Ashida et al., 
2009, Chun et al., 2009, Lin et al., 2016). Many of which are associated with reduced 
amylose content influencing increased chalkiness (Chun et al., 2009, Zhu et al., 2018). It 
is important to reduce chalkiness without altering grainsize and shape and to identify 
genetic regions to reduce chalkiness in the indica background.  
IR64, a low chalk genotype, was bred and widely accepted worldwide due to its 
moderate head rice yield, and resistance to a number of pests and diseases. IRRI 
developed a mutant population to understand which among those favorable alleles were 
affected by the mutation that would lead to traits of interest, in this case, which among 
those favorable alleles in IR64 was affected that leads to increase chalkiness. 
In this study, a modified MutMap Plus (MutMap+) method (Figure 3) was applied 
to identify the candidate region responsible for the chalky mutant phenotype. DNA pools 
based on extreme phenotypes of % chalkiness. From M3848-1-1, the translucent/wild 
type pool include: M3848-1-1-19, M3848-1-1-28, M3848-1-1-31, M3848-1-1-34, M3848-
1-1-48, M3848-1-1-51, M3848-1-1-54, and  M3848-1-1-57 (Figure 18 I to P) while the 
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chalky/mutant pool include: M3848-1-1-3, M3848-1-1-10, M3848-1-1-24, M3848-1-1-25, 
M3848-1-1-32, M3848-1-1-45, M3848-1-1-50, and M3848-1-1-53  (Figure 18 A to H). 
DNA from M3848-1-15-1 and M3848-1-19-1, both homozygous for 100% chalkiness were 
also sent for whole genome resequencing using the Illumina HiSeq XTen platform. 
Resequencing the mutant and wild type bulk, we obtain a total of 140,944,890, and 
135,567,130 cleaned reads with quality score of 20 (Q20) and base call accuracy of 99%, 
for mutant and wild type bulks respectively corresponding to approximately 20 Gb of total 
read length with 30X coverage of the rice genome (Table 8).  
 
Table 7. Two samples re-sequencing datasets  
Sample Name  Clean 
Reads  
Clean bases  Read 
length (bp)  
Q20(%)  GC(%) 
Mutant Pool 140,944,890 21,141,733,500 150 97.41% 42.01% 
Wild type Pool 135,567,130 20,335,069,500 150 97.24% 42.10% 
 
Our 2 paired end sequences in fastq files was used in SIMPLE pipeline to map the 
SNP(s) influencing increased chalkiness in our mutant using Nipponbare as the reference 
genome. From this, we have 476942 SNPs. Candidate genes were pulled out by the 
pipeline by getting the list SNP calls with ref/ref or ref/alt in the wild type bulk and alt/alt 
in the mutant bulk. From these, users can investigate each gene in the candidate list. As 
another form of filter, we remove SNPs on transposons which doesn’t necessarily have a 
functional consequence except in case of NARROW LEAF1 (NAL1), which has been 
reported to control vein pattern in leaf , increasing spike number in turn increasing the 
yield (Fujita et al., 2013) Next, only those SNPs with SNP ratio of 0.67 to 1.0 are 
considered for further study. This gives us 44 candidates (Appendix A, Table 13). Upon 
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further removal of SNPs leading synonymous mutations or transposon hits, we are left 
with candidates SNPs in 9 candidate genes in chromosome 2, 3, 4, 5, 6, 10 and 11 (Table 
9) We also took a look for the list of published starch metabolism genes demonstrated to 
affect chalkiness. A mutant of AGPL2, that encodes AGPase large subunit, has a white 
core endosperm (Zhang et al., 2012). Down regulation of BEIIb expression lead to a 
severe alteration of starch morphology hence grain chalkiness (Butardo et al., 2011). 
Similarly, mutants deficient in or with low activity of isoamylase activity produce more 
phytoglycogen or sugary amylopectin in the endosperm, resulting to shriveled kernels at 
maturity (Utsumi et al., 2011). Additionally, mutants of pyruvate orthophosphate dikinase 
(PPDKB), a modulator of carbon flow for starch and lipid biosynthesis during grain filling, 
resulted to a chalky grain phenotype (Kang et al., 2005). Mutants of flo6, that encodes a 
protein containing a carbohydrate-binding domain results in small grain with a floury 
endosperm (Peng et al., 2014b). Our results indicated, that none of the SNPs of these 
target genes (AGPL2, BEIIb, GW2, gpa3, wb1, FLO6, GS5, isa2, PPDKB, SSIIa. GL7, 
isa1 and isa3) in M3848 is genetically linked to those causal mutation except for PPDKB.  
At the most, only the SNP upstream of flo6 has 0.11 SNP index ratio (Table 8). We then 
looked at the output file from our SIMPLE pipeline which gives the strongest candidate 
genes listed in a EMS.candidates.txt file. Results showed 87 candidate genes as 
evidenced by the red dots in the circos image (Figure 24). We then calculated the SNP 
index for all the SNPs in the candidate regions discarding those with SNP index lower 
than 0.67. The ratio variable represents the allele frequency comparisons between two 
bulks. It should be around zero for unlinked SNPs and approximately 0.66 up to 1 for the 
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causal mutation and genetically linked SNPs. We assessed the SNPs within the 
candidate region on chromosome 3 in detail and identified 3 SNPs with SNP index=1. 
Two reasons for the occurrence of genomic regions with SNP-index =1 in the SNP-index 
plots obtained for the mutant DNA pool include: (1) the region actually harbors the causal 
mutation for the phenotype and (2) SNPs irrelevant to the phenotype become fixed to 
homozygous state in the M2 generation and thus are shared by all M3 plants (Fekih et 
al., 2013). In this study, there are 2 genes in chromosome 3, SNP-1356318 where C to T 
transitions, presumably caused by EMS mutagenesis, located at the 416 bp site of the 
first exon of LOC_Os03g03200 (Figure 23A) encoding hydrolase, alpha/beta fold family 
protein, and SNP- 8012125 with G to A transition, at 373 bp first exon of 
LOC_Os03g14730 (Figure 23B) that encodes an expressed protein, putatively gibberellin 
receptor GID1L2, with ortholog in encoding carboxylesterase in Arabidopsis and esterase 
in Sorghum (Kawahara et al., 2013).  
 
                                      3S 1Mb          8Mb                           3L  




CGCGGCGCCC                  WT             GCCCGAGCACCGC   
CGCGGTGCCC                mutant           GCCCAAGCACCGC  
 


























In part, one can hypothesize that these hydrolases could be influencing starch 
hydrolysis, but more evidence is needed to establish this. GID1L2, is also interesting 
because gibberellin signaling mechanisms play an important role in seed germination, 
stem elongation, meristematic tissue development and differentiation of floral organs 
(Gupat and Chakrabarty, 2013). To date, it is still a mystery to understand the exact 
mechanism of gibberellic acid in plant growth, floral development, sex expression, grain 
development and seed germination. Thus, appropriate elucidation of GA transport 
mechanism would shed light not only how it influences grain chalkiness, but it would also 
be instrumental for plant survival of plant and crop production. These two candidates are 
very interesting and warrants further investigation as to how hydolases and gibberellin 
receptor might influence chalkiness. Search using the 3k rice genome dataset showed 
non-synonymous variation at LOC_Os03g03200 CGC->TGC (R->C), heterozygous in 
PSB Rc82, IRRI 154 and many other lines (http://snp-seek.irri.org/), suggesting this is 
probably a copy number variation. On the other hand, 8012125 – this gene missing is in 
PSB Rc82 (a high chalk Philippine cultivar).  T/C, GAG->AAG (E->K) in IR64, IRRI154 
and some other lines (http://snp-seek.irri.org/). Suriyasak et al., (2017) reported that 
reactive oxygen species produced after imbibition of seeds induce α-amylase activity via 
regulation of gibberellin (GA) and abscisic acid (ABA) under heat stress induces α-
amylase activity that results to grain chalkiness. Although, we did not look into the effect 
of environment in this study, this result also suggest the likely genetic consequence of 
this SNP in grain chalkiness. 
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The other notable candidates in the list are the ones that resulted in, missense 
variant and start loss, in LOC_Os03g05130, LOC_Os05g08110-4421260, causing 
4637G>T an upstream variant, annotated as isoamylase 2 in Sorghum, Brachypodium, 
maize and BRENDA. Also this gene is not that far away downstream from Chalk5 
LOC_Os05g06480 (vacuolar H-PPase) and GW5, which is not found in Nipponbare, 
~1.2kb insertion at 5:5360575. Another SNP is in Chromosome 2, 9133477 in 
LOC_Os02g16060, an upstream variant causing 3271G>A change. The gene encodes a 
putative resistance gene analog 1 (RGA). Another upstream variant caused by is a SNP 
in LOC_Os04g21340-12042425, encoding an expressed protein leading to 3271G>A 
upstream the coding sequence. Another upstream variant caused by SNP in 30231663, 
due to C>T transition is found in chromosome 6. And lastly, LOC_Os10g39190- 2091144 
, *4720G>T causes a downstream variant in ABI3VP1_transcription_factor in B3 DNA 
binding domain containing protein. Among these, SNPs, LOC_Os03g03200, 
LOC_Os03g14730 and LOC_Os05g08110 merits further studies to validate their 
involvement in influencing chalk formation. 
Since we also sequenced individual plants from the sibs where the extreme pools 
were made (M3848-85-1), we tried looking these genes as well, however none of these 
candidate genes were found significant in both cases where M3848-1-15-1 and M3848-
1-19-1 were compared  to the wild type bulk from M3848-85-1. Instead, we found a very 
prominent signal in Chromosome 5 around 15MB region (Figure 24B), that includes 
PPDKB in LOC_Os05g33570 that was shown to be involved in increasing chalkiness in 
rice by Zhang et al., 2018 in rice floury endosperm mutant M14 from a mutant pool 
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induced by Co60. However, the SNP index ratio of PPDKB that it is unlinked.  Among the 
interesting genes around this region include LOC_Os05g28950, LOC_Os05g25850 and 
LOC_Os05g28150. These genes encodes for   redox, dismutases_and_catalases, 
protein.degradation.metalloprotease,  and   lipases.triacylglycerol_lipase respectively.  
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chr pos ref alt mutation_effect gene CDS_change mut.ref mut.alt wt.ref wt.alt SNP Index Ratio Gene Name
1 25349156 AT A upstream_gene_variant LOC_Os01g44220 -8440delT 0 27 2 32 0.06 AGPL2
2 19361268 A AGG intron_variant LOC_Os02g32660 1348-27_1348-26insCC 36 11 33 7 0.06 BEIIb
2 28857343 A AT intergenic_region LOC_Os02g47270-LOC_Os02g47280 n.28857343_28857344insT 0 12 1 10 0.1 GW2
3 35121291 C CCA 3_prime_UTR_variant LOC_Os03g61950 *491_*492insCA 2 38 3 22 0.07 gpa3
4 20434520 A AC intergenic_region LOC_Os04g33740-LOC_Os04g33760 n.20434520_20434521insC 2 37 0 32 -0.05 wb1
4 28444288 AT A upstream_gene_variant LOC_Os04g47870 -2809delA 0 13 1 8 0.11 upstream of FLO6
5 3442415 AAC A splice_region_variant&intron_variant LOC_Os05g06660 497-7_497-6delGT 31 6 29 6 0.0 GS5
5 3442416 AC A splice_region_variant&intron_variant LOC_Os05g06660 497-7delG 7 30 8 27 0.03 GS5
5 19161137 C CT upstream_gene_variant LOC_Os05g32710 -3538_-3537insA 1 37 0 38 -0.05 isa2
5 19718810 A G missense_variant LOC_Os05g33570 2819T>C 27 20 0 40 -0.57 PPDK
5 19721237 G GA intron_variant LOC_Os05g33570 1917+38_1917+39insT 0 39 1 34 0.03 PPDK
5 19734813 GA G intron_variant LOC_Os05g33570 225+2304delT 1 38 0 52 -0.03 PPDK
5 19738270 AG A upstream_gene_variant LOC_Os05g33570 -929delC 22 4 24 5 -0.02 PPDK
6 6747004 G A upstream_gene_variant LOC_Os06g12450 -1557G>A 1 27 0 24 0.00 SSIIa










GGCGCGCGCGCGCGCGTCGTCC 5 19 4 14 0.013 GL7
8 25899620 T TA intron_variant LOC_Os08g40930 687+32_687+33insT 1 34 2 31 0.03 isa1
9 17873311 C T upstream_gene_variant LOC_Os09g29404 -8895G>A 26 35 31 46 0.00 isa3
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Figure 24. Circos image showing significant SNPs in red dots across all 12 of M3848 
chromosomes. A. of M3848 mutant bulk vs wild type bulk. B. M3848-1-15-1 vs wild type 
bulk. 
 
All of these candidates have not been reported in any preceding studies about the 




since most of what happening in chalk formation mainly involves defect in amyloplasts 
packaging, and there have been reports of involvement of superoxide dismutases activity 
in increased grain chalkiness (Suriyasak et al., 2017). Another SNP worthy of further 
investigation is in LOC_Os11g30310, which encodes a miscellaneous set of nitrilases 
that could include nitrile lyases, berberine bridge enzymes, reticuline oxidases and 
troponine reductases. One of its orthologs in Arabidopsis, AT1G26390, that has an 
electron carrier activity, oxidoreductase activity, FAD binding, catalytic activity that is in 
endomembrane system and is expressed in 10 plant structures.  
To date, there have been several QTLs found associated with grain chalkiness in 
different chromosomes. But only a few have been cloned and well understood. And yet, 
the full understanding of the molecular mechanism of this trait remains unclear.  These 
new SNPs found in this study could help shed some light and may add new insight into 
the starch metabolism as it influences chalkiness. 
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Table 9. 9 Candidate SNPs from Mutant Bulk. 
 
Chr Pos Ref Alt Mutation_effect CDS_chang
e 
Gene annotation 
2 9133477 G A upstream_gene_variant -3271G>A RGA-1, putative, expressed 
3 8012125 C T missense_variant 373G>A gibberellin receptor GID1L2, putative, 
expressed 
3 1356318 C T missense_variant 416C>T hydrolase, alpha/beta fold family protein, 
putative, expressed 
3 2494780 C A Start lost 3G>T expressed protein 
4 12042425 A G upstream_gene_variant -4784A>G expressed protein 
5 4421260 C A upstream_gene_variant -4637G>T early light-induced protein, chloroplast 
precursor, putative, expressed, isoamylase 
6 30231663 C T upstream_gene_variant -850G>A OsFBX207 - F-box domain containing 
protein, expressed 
10 20911441 C A downstream_gene_variant *4720G>T ABI3VP1_transcription_factor, B3 DNA 
binding domain  
containing protein, expressed 
11 17601377 C T missense_variant 176G>A nitrile_lyases,_berberine_bridge_enzymes, 
reticuline_oxidases,_troponine_reductases 
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Chapter 4. Mapping Population and Further Studies 
 
 
To further support the above experiments, the selected chalky mutant (M3848) 
was backcrossed with the IR64 wild type to generate  BC1F1 population in the wet season 
of 2017 under the cross designation IR137175 (Figure 25). From this cross, 107 F1 seeds 
were developed, 60 of which were planted in nursery in a three-5 meter row plots with 20 
hills per plot with a 20cm x 20cm space between hills and rows. From these, the first eight 
plants were sampled for leaf DNA sent to the Genotyping Service Laboratory at IRRI for 
KASPTM SNP genotyping to confirm that the plants are true F1s, using 10  trait-based 
SNP markers defined by the IRRI Hybridization Group (gsl.irri.org/genotyping/trait-based-
genotyping). From this genotyping, it was confirmed that plants: IRI137175-1, IRI137175-
2, IRI137175-3, IRI137175-4, IRI137175-6 and IRI137175-8 were true F1s confirmed by 
phenotype after harvest. These confirmed true hybrid plants were harvested individually 
while the rest of the plot were harvested in bulk.  In the wet season of 2018, 732 individual 
plants from IRI137175-2, because this line has the most number of seeds available 
among the true F1s, were grown in Screenhouse (CS10-A2), in a 20cm x 20cm spacing, 
19 rows with 38 hills per row plot together with replicated checks: IR64, M3848, and 
Moroberekan. At maturity, these plants were harvested and processed individually. After 
ensuring that the moisture content of the seeds were around optimum level (12-14%), 
half of the harvest were dehulled and polished for visual chalk score and subsequently 




Figure 25. Mapping strategy for BC1F2  
Visual chalk scoring results show that 180 are chalky, 361 are a mix of chalky and 
translucent grains, and 167 are translucent. For the other 24 progenies, there was not 
enough seeds left after rat damage (Table 10).  
Table 10. Phenotypic segregation pattern of the BC1F2 
Population Chalky Segregating Translucent Chi-Square p-value 
BC1F2 180 361 167 0.2865 0.592476ns 
 
The chi-square test result showed failure to reject our hypothesis at p<0.05, that indicates 
that the trait segregates in 3:1 ratio expected for an F2 population and therefore we can 
conclude that the increased chalkiness is due to a recessive gene. To prove this, we went 
ahead to further study the trait in the population, we germinated 165 of the chalky 
n=165 n=165




Intertek SNP hybridity testing
• Whole genome resequencing
• RNA Sequence Analysis (12, 24 and 32 dap)
• Untargeted metabolite analysis (12, 24 and 32 dap)
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progenies and 165 translucent progenies. These were planted in pots in an augmented 
design, with triplicates of IR64 wild type parent, M3848 and Moroberekan. At 28 days 
after germination, 10 cm of leaf tissue samples from each pot were collected for DNA 
extraction.  The DNA extraction was done using modified cetyl trimethylammonium 
bromide (CTAB) extraction method adapted from Stewart and Via (1993). Plant tissues 
(about 1 mg) were ground to powder in liquid nitrogen before adding 800 µL of CTAB 
extraction buffer added with 20 µL of 20% SDS . The mixture was inverted slowly to make 
a slurry and incubated at 65°C for 30 to 60 minutes. After centrifugation at 12000 rpm, 
four-hundred microliters of the supernatant was transferred into a new 2-mL tube. 
Chloroform purification was performed followed by isopropanol precipitation and washing 
with 70% ethanol. The nucleic acid containing pellet was air dried and dissolved in 100 
µL of 1X TE and subjected to RNase treatment (Sambrook and Russel 2001). Extracted 
genomic DNA was assessed using a spectrophotometer and agarose gel electrophoresis. 
After this, column purification of the DNA was done using Qiagen DNA purification kit. 
DNA concentration was measured using 1 µL of the sample subjected in NanodropTM 
2000 (Table 11). 
Table 11. DNA concentration using Nanodrop 2000 
Sample ID Concentration (ng/ µL) 260/280 260/230 
Pool A (Chalky)_200 µL 2114.96 1.95 2.19 





One microgram of DNA from each pool was sent to BGI-Hong Kong for next 
generation whole genome resequencing using Illumina HiSeq XTen Platform with ~30X 
coverage. This resource will be used for future studies to narrow down the mutation 
targets and identify the key candidate genes responsible to trigger the chalk phenotype 



















Chapter 5. Summary and Conclusions  
 
 In summary, we screened ~10,000 IR64-EMS mutants and found 41 mutants with 
heritable increased % chalkiness. M3848 family was prioritized due to its consistent 
phenotype of significant difference in % chalkiness to the IR64_WT. Observations 
showed that morphological structure  and arrangement of the starch granules of the 
mutant is significantly different from the wild type. The mutant has irregularly shaped and 
loosely packed starch granules whereas the wild type and those in the wild type bulk have 
polyhedral and densely packed starch granules. Several spherical and ellipsoidal starch 
granules irregularly arranged and disorderly deposited were also observed in the chalky 
mutants. Moreover, the chalky mutants in this study was shown to have significantly 
higher protein content (%), total sugar (%), but significantly lower total starch (%) and 
apparent amylose content (%). Starch structure analysis by high performance size 
exclusion chromatography also showed that the mutants have significantly lower amylose 
fractions (AM1 and AM2) and significantly higher amylopectin fractions (SCAP and 
MCAP). Similarly, chain length distribution analyzed by fluorophore assisted capillary 
electrophoresis, showed that the mutant has significantly higher fraction a and fraction b1 
but significantly lower fraction b2 and fraction b3. Pasting properties indicated by viscosity 
profiles from RVA analysis, showed an unclear trend. The mutant and wild type bulk has 
lower peak viscosity, final viscosity, pasting time and retrogradation compared to the 
IR64_WT whereas, a  variable pattern is observed in terms of TV, BD, SB and PT. The 
mutant bulk has lower TV and BD and higher SB and PT compared to the IR64_WT, while 
the wild type bulk has higher TV and BD and lower SB and PT compared to the IR64_WT. 
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Interestingly, M3848-1-15-1 is not only divergent from IR64_WT but also from its siblings 
in the mutant bulk and translucent bulk. M3848-1-15-1 has significantly higher 
TV,FV,SB,PT, PaT and Retro and significantly lower BD compared to IR64_WT, mutant 
and wild type bulk. However, M3848-1-15-1 has significantly lower PV than IR64_WT but 
is significantly higher than both mutant and wild type bulk.  
 In this study, we identified a chalky mutant and used a modified MutMap Plus 
approach at M4 to help identify causal SNPs for increased chalkiness on chromosomes 
2, 3, 5, 6, 10 and 11. MutMap is a new method used for gene identification (Abe et al., 
2012). MutMap+, is a versatile extension of MutMap, that identifies causal mutations by 
comparing SNP frequencies of bulked DNA of mutant and wild-type progeny of M3 
generation derived from selfing of an M2 heterozygous individual. This method does not 
necessitate artificial crossing between mutants and the wild-type parental line and the key 
advantages of this approach is the ability to rapidly identify mutations affecting 
quantitative traits in crop genomes, a limiting feature in many breeding programs. Few 
candidate SNPs were identified using the mutant bulk in MutMap+ method. One is in 
chromosome 3, LOC_Os03g03200 encoding for alpha hydrolase, LOC_Os03g14730, 
putatively gibberellin receptor GID1L2, another Chromosome 5, LOC_Os05g08110, 
annotated as isoamylase2 in Sorghum, Brachypodium, Arabidopsis and Maize 
(http://plants.ensembl.org/index.html) which is not far away from 2 other genes known to 
influence chalkiness (Chalk5 and GW5)  and another in chromosome 11,  
LOC_Os11g30310 that has oxidase-reductase activity that could be related to other 
reported genes involved in oxidative burst also known to influence chalkiness (Suriyasak 
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et al., 2017). Using the individual mutants, we got prominent SNP hits in chromosome 5 
including LOC_OS05g33570 encoding PPDKB, LOC_Os05g28950, LOC_Os05g25850 
and LOC_Os05g28150 that are involve in oxidase-reductase reactions as well.   
In conclusion, grain shape, ultrastructure, and physicochemical properties of rice 
endosperm mutants induced by EMS mutations were characterized in the current work. 
Modified MutMap+ was used to identify the candidate causal SNP. The chalky mutant, 
M3848 has low amylose content, more short and low medium chains glucan, higher 
protein content, more total sugar, less total starch, shorter grains and increased FV, 
reduced PV thus increased. The starch morphology and arrangement are also observed 
to be divergent between the wild type and chalky mutant, with the mutant having 
irregularly shaped, loosely packed and disorderly deposited as opposed to the polyhedral 
densely packed starch granules of the IR64_WT and wild type bulk. We demonstrated 
the usefulness of modified MutMap Plus approach in identifying putative SNPs likely 
responsible for chalkiness in chromosome 3, 5 and 11 that can be useful for further 
functional characterization of candidate genes to understand their role in grain chalkiness 
formation. The challenge in utilizing this method include the unavoidable influence of 
environment in the phenotype since the experiment was not in a control environment, 
also since there is no available IR64 reference genome yet, and we used Nipponbare, as 
reference genome a japonica variety, we found a lot of spurious SNPs which could be 
due to naturally occurring divergent SNPs between indica and japonica, thus, narrowing 
down the number of candidates is a big challenge. This is where the mutant mapping 
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using BC1F2 population will be useful since the crosses are made to the wild-type parent 
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Appendix A – Supplemental Tables 
 
Table 12. Table of Selected Mutants at M2 
GQ_Code Plant Height Disease Resistance Wholeness Chalkiness % of Whole Grains Chalk Impact Length Mean Width Mean L W R AAC 
375 
  
1 1 75.5 0.58 5.96 2.06 2.9 20.4 
536 
  
1 1 71.4 1.44 6.15 2.05 3.0 19.0 
6383 
  
1 1 80.8 1.56 6.21 2.01 3.1 20.2 
6322 
  
1 1 86.3 1.59 6.29 2.07 3.0 18.6 
4296 
  
1 1 68.7 1.61 6.1 2.01 3.0 19.0 
471 
  
1 1 65.6 1.7 6.09 1.96 3.1 19.0 
243 
  
1 1 73.4 1.72 6.06 1.99 3.0 18.5 
4175 
  
1 1 72.5 1.74 6.25 2.02 3.1 18.4 
425 
  
1 1 74.6 1.85 6.15 2.02 3.0 19.5 
7752 
  
1 1 81.0 2.17 6.32 2.03 3.1 18.5 
5919 
  
1 1 69.7 2.34 6.35 2.03 3.1 19.7 
55 
  
1 1 74.7 2.52 6.01 1.97 3.1 18.1 
7736 
  
1 1 83.2 2.59 6.32 2.09 3.0 11.8 
6504 
  
1 1 76.5 2.62 6.23 2.06 3.0 19.1 
6307 
  
1 1 73.6 2.69 6.38 2.03 3.1 18.8 
486 
  
1 1 73.7 2.9 6.26 2.02 3.1 19.6 
10211 
  
1 1 69.3 0.56 6.47 2.07 3.1 18.5 
1739 
  
3 1 4.6 
 
  
17.67 6.47 1.95 3.3 20.7 





3 1 0.0 18.25 6.29 2.04 3.1 16.3 
1266 
  
3 1 5.8 22.2 5.98 1.9 3.1 19.7 
242 
  
3 2 28.2 30.58 6.1 2.01 3.0 18.6 
10291 
  
1 1 81.7 1.73 6.16 2.07 3.0 18.9 
10156 
  
1 1 82.8 3.98 6.54 2.07 3.2 17.1 
10099 
  
1 1 83.9 1.19 6.56 2.07 3.2 19.3 
10254 
  
1 1 86.5 5.61 6.55 2.1 3.1 19.4 
750 
  
3 1 0.0 1.25 5.84 2.01 2.9 19.8 
450 
  
3 2 0.0 3.92 6.06 2.05 3.0 20.7 
1746 
  
3 1 0.0 9.13 6.17 2.05 3.0 16.8 
127 
  
3 1 0.0 9.5 5.99 2.02 3.0 19.6 
187 
  
3 1 0.0 . . . . 19.4 
208 
  
3 1 0.0 . . . . 15.7 
800 
  
3 1 0.0 . . . . 19.6 
801 
  
3 1 0.0 . . . . 19.5 
1106 
  
3 1 0.0 . . . . 20.1 
1146 
  
3 1 0.0 . . . . 16.8 
1738 
  
3 1 0.0 . . . . 19.9 
1740 
  
3 1 0.0 . . . . 20.1 
1741 
  
3 1 0.0 . . . . 19.9 
616 
  
3 2 0.0 . . . . 16.8 
708 
  
3 2 0.0 . . . . 18.9 
1760 
  
3 2 0.0 . . . . 19.8 





3 2 0.0 . . . . 14.8 
1753 
  
3 1 1.0 . . . . 15.8 
751 
  
3 1 1.2 0 5.85 1.83 3.2 18.9 
802 
  
3 1 1.2 0 6.06 2.02 3.0 18.8 
775 
  
3 2 1.3 0 6.12 1.97 3.1 20.2 
570 
  
3 1 1.9 8.33 6.23 2.13 2.9 18.2 
812 
  
3 1 2.2 . . . . 20.5 
611 
  





3 1 2.7 . . . . 20.2 
1737 
  
3 1 2.8 0 5.95 1.92 3.1 19.7 
1155 
  
3 1 3.4 0 6.27 2 3.1 19.8 
1755 
  
3 1 3.8 3.49 6.02 2.03 3.0 20.6 
1184 
  
3 1 4.4 . . . . 19.7 
1180 
  
3 1 4.5 5.2 5.6 2.05 2.7 20.2 
749 
  
3 1 5.7 2.11 6.02 2.08 2.9 19.4 
240 
  
3 1 19.2 7.22 5.98 1.93 3.1 21.5 
662 
  
3 1 24.1 1.63 6 2.06 2.9 20.9 
1028 
  
2 2 24.6 6.55 5.2 1.99 2.6 19.4 
748 
  
2 2 25.6 5.8 6.13 2.04 3.0 21.3 
35 
  
2 2 27.4 2.59 5.97 2.06 2.9 12.4 
1263 
  
2 2 23.0 12.44 6.21 2.17 2.9 17.6 
3093 SG N-SG 2 2 18.2 3.31 5.98 2.05 2.9 9.7 
239 
  
3 1 8.8 6.2 5.83 2.04 2.9 19.1 





2 2 26.8 15.26 5.74 1.95 2.9 16.7 
241 
  
2 1 37.1 3.7 6.22 1.94 3.2 20.1 
687 
  
3 1 12.2 6.42 5.99 2.04 2.9 17.0 
3205 SG N-SG 2 2 26.5 13.74 4.95 2.09 2.4 19.9 
637 
  
3 1 16.5 2.84 5.64 2.09 2.7 21.5 
1111 
  
3 1 11.1 7.29 5.65 1.99 2.8 18.7 
467 
  




2 1 17.3 19.55 6.23 2.01 3.1 19.4 
3499 
  
2 1 62.3 8.3 6.51 2.12 3.1 18.9 
3503 
  
2 1 32.0 14.26 6.28 2.14 2.9 18.0 
3523 
  
1 1 77.2 4.16 6.27 2.04 3.1 20.0 
1297 
  
2 1 12.5 3.58 6.28 2.02 3.1 18.5 
3970 
  
2 1 35.5 6.88 6.11 2 3.1 16.9 
3862 
  
2 1 53.6 13.78 6.1 2 3.1 16.6 
1913 
  
2 1 64.8 2.25 6.29 2.08 3.0 19.4 
746 
  
3 1 19.7 5.84 6.38 2.06 3.1 18.3 
3446 
  
2 1 47.6 17.17 6.27 2.06 3.0 18.9 
1915 
  
3 3 14.3 4.89 6.16 1.97 3.1 18.3 
1961 
  
2 1 56.5 7.38 6.16 2.04 3.0 19.4 
3848 SG SG(Red 
Streak?) 
2 2 48.0 4.15 6.21 2.03 3.1 18.2 
1026 
  
2 1 16.8 13.5 6.23 2.05 3.0 18.7 
447 
  
2 1 25.4 0.87 6.36 2.03 3.1 18.9 
345 
  
2 1 64.5 0.59 6.17 2.03 3.0 19.0 





2 1 29.8 3.05 6.25 2 3.1 18.5 
784 
  
2 1 53.6 1.47 6.2 2.03 3.1 19.1 
771 
  
2 1 34.5 2.45 6.17 2.11 2.9 19.3 
789 
  
2 1 37.6 1.85 6.3 2.06 3.1 18.1 
755 
  
2 2 39.7 6.78 5.8 2.06 2.8 17.4 
1169 
  
3 1 7.4 12.75 6.16 2.07 3.0 16.4 
1161 
  
3 1 23.1 6.9 6.2 2 3.1 18.7 
1171 
  
3 1 17.7 12.53 6.26 2.05 3.1 18.7 
756 
  
3 1 12.2 5.87 6.14 2.04 3.0 17.8 
747 
  
2 2 22.1 14.16 5.81 1.99 2.9 18.5 
246 
  
3 1 11.3 14.13 6.07 2.02 3.0 20.2 
760 
  
3 2 16.4 1 6.22 2.04 3.0 17.1 
782 
  
2 1 35.3 13.55 6.21 2.05 3.0 18.5 
704 
  
2 1 68.4 4.73 6.08 1.95 3.1 20.1 
703 
  
2 1 49.6 0.85 6.35 2 3.2 19.4 
1149 
  
2 1 31.5 2.38 6.38 2.06 3.1 18.0 
91 
  
2 1 67.7 0.41 6.07 2.06 2.9 19.1 
484 
  
1 1 69.6 4.39 6.08 2 3.0 18.2 
440 
  
2 1 52.9 0.97 6.11 1.94 3.1 17.3 
3803 
  
2 1 57.8 2.76 6.11 2.05 3.0 19.9 
468 
  
2 1 60.4 2.01 6.15 2.05 3.0 17.7 
444 
  
2 1 53.3 0.57 6.28 1.99 3.2 19.7 
1917 
  
2 1 64.3 2.34 6.28 2.04 3.1 19.0 





2 1 52.9 1.01 6.29 2.07 3.0 19.6 
4019 
  
2 1 70.5 4.53 6.38 2.04 3.1 18.2 
487 
  
1 1 75.6 . . . . 18.6 
3813 
  
2 1 52.0 5.44 6.41 2.01 3.2 18.2 
3511 
  
1 1 67.3 5.25 6.27 2.05 3.1 20.6 
477 
  
2 1 54.4 1.98 5.8 1.98 2.9 19.1 
3902 
  
1 1 70.8 5.74 6.07 2.02 3.0 18.1 
3901 
  
1 1 78.4 4.32 6.14 1.99 3.1 20.0 
3904 
  
1 1 74.3 3.99 6.38 2 3.2 19.2 
80 
  
2 1 66.0 5.22 6.24 1.99 3.1 18.8 
4020 
  
1 1 73.5 5.14 6.39 2.04 3.1 18.0 
3984 
  
2 1 65.5 4.01 6.12 2.01 3.0 19.3 
654 
  
2 1 44.6 6.18 5.87 2.04 2.9 18.3 
706 
  
2 1 52.5 4.35 5.95 2 3.0 18.5 
649 
  
2 1 53.6 4.9 5.96 2.05 2.9 20.2 
1087 
  
2 1 36.7 1.7 6.04 2.07 2.9 20.0 
655 
  
1 1 54.4 3.67 6.05 2.06 2.9 19.8 
780 
  
2 1 62.2 3.32 6.07 2.01 3.0 18.6 
779 
  
2 1 66.2 4.03 6.1 2.06 3.0 21.4 
773 
  
2 1 41.0 4.29 6.16 2.02 3.0 20.1 
702 
  
2 1 47.3 8.23 6.22 1.97 3.2 20.0 
774 
  
2 1 50.1 . . . . 15.7 
719 
  
2 1 54.4 3.29 6.04 2 3.0 18.1 





3 2 15.9 6.11 5.93 1.92 3.1 15.9 
796 
  
3 1 8.4 6.33 6.02 2.04 3.0 18.1 
781 
  
2 2 61.4 4.91 6.11 1.98 3.1 18.9 
786 
  
2 1 54.6 2.12 6.17 2.06 3.0 19.1 
783 
  
2 2 39.1 1.85 5.8 1.99 2.9 18.7 
772 
  
2 1 71.5 2.57 6.23 2.07 3.0 17.9 
657 
  
2 2 40.3 1.2 5.96 2.2 2.7 16.9 
453 
  
2 1 18.4 2.55 6.26 2.01 3.1 20.1 
137 
  
2 1 47.9 1.17 6.24 2.02 3.1 21.0 
671 
  
2 1 22.9 3.63 5.9 2 3.0 21.8 
1078 
  
2 1 53.7 2.57 5.91 2.01 2.9 21.5 
807 
  
2 2 38.3 2.38 6.11 2.2 2.8 9.6 
1108 
  
2 1 9.3 6.82 6.17 2 3.1 19.2 
32 
  
3 1 10.2 5.04 6.18 2.1 2.9 21.0 
464 
  
2 1 51.9 2.87 6.21 2 3.1 21.1 
1201 
  
2 2 23.2 13.75 6.07 2.07 2.9 21.6 
682 
  
3 1 15.8 8.08 6.09 2.02 3.0 19.5 
647 
  
3 1 12.6 5.88 6.18 2.01 3.1 19.9 
665 
  
3 1 8.0 7.88 6.19 1.96 3.2 19.8 
673 
  
3 1 15.1 7.67 6.24 2.01 3.1 19.2 
639 
  
3 1 12.9 1.29 6.45 2.03 3.2 20.4 
1192 
  
2 1 14.8 28 6.04 1.99 3.0 19.6 
792 
  
2 1 33.6 7.17 5.73 1.93 3.0 18.0 





1 1 52.9 5.11 6.15 2.07 3.0 22.0 
3958 
  
2 1 25.6 6.64 5.87 2.02 2.9 21.4 
1185 
  
2 1 14.9 2.76 6.14 1.97 3.1 22.0 
1209 
  
3 1 5.4 4 5.96 2.04 2.9 20.2 
69 
  
3 1 12.8 5.91 5.97 2.1 2.8 18.7 
1254 
  
3 1 8.6 1.73 6.5 2 3.3 18.4 
28 
  
2 2 27.6 3.22 6.45 2.09 3.1 22.2 
526 
  
3 1 5.8 13.4 5.73 1.98 2.9 21.0 
1757 
  
3 1 10.5 8.45 5.74 1.99 2.9 22.6 
1265 
  
3 1 6.8 5.2 5.78 2.11 2.7 19.9 
473 
  
2 1 59.6 1.98 5.8 1.98 2.9 . 
794 
  
2 1 26.2 6.77 5.82 1.96 3.0 20.4 
787 
  
2 2 32.0 16.72 5.88 2.03 2.9 19.8 
798 
  
3 1 8.9 3.45 5.93 1.97 3.0 18.0 
1736 
  
3 1 7.3 0 5.94 2.03 2.9 19.6 
832 
  
3 2 11.4 4.84 5.94 2.02 2.9 20.8 
568 
  
2 1 44.1 2.23 5.95 1.96 3.0 21.8 
1748 
  
3 2 13.1 3.43 5.96 2.01 3.0 19.1 
739 
  
2 1 26.0 6.75 5.96 2.02 3.0 21.2 
834 
  
3 1 6.9 3.31 5.99 2.06 2.9 18.0 
1198 
  
3 1 9.9 6.17 5.99 1.97 3.0 20.4 
758 
  
2 1 48.6 0.94 6 2 3.0 21.8 
100 
  
1 1 65.6 5.66 6.01 2.06 2.9 20.3 





3 2 21.7 3.06 6.01 1.95 3.1 18.3 
557 
  
2 2 40.8 3.64 6.02 1.93 3.1 17.8 
842 
  
2 1 41.4 3.83 6.05 1.98 3.1 21.3 
469 
  
2 1 44.4 3.79 6.05 2.07 2.9 19.9 
1070 
  
2 1 19.5 8.26 6.06 1.95 3.1 21.4 
7000 
  
1 2 34.8 8.5 6.07 2.1 2.9 6.3 
843 
  
2 1 42.8 3.47 6.08 1.99 3.1 21.6 
791 
  
2 1 48.4 5.41 6.08 2.04 3.0 21.9 
452 
  
2 1 57.0 0 6.08 1.95 3.1 . 
813 
  
2 1 60.6 5.37 6.09 2.04 3.0 19.6 
500 
  
2 1 54.4 1.9 6.1 1.97 3.1 20.7 
701 
  
2 1 66.5 4.83 6.1 2.03 3.0 20.6 
6606 
  
2 1 55.3 3.74 6.11 2.09 2.9 20.7 
74 
  
2 2 55.1 10.69 6.11 2.04 3.0 21.2 
817 
  
2 1 10.2 0 6.13 2.01 3.0 20.6 
247 
  
2 1 39.6 2.34 6.13 2.02 3.0 20.2 
1749 
  
2 1 35.3 4.11 6.14 1.94 3.2 20.7 
1187 
  
3 2 10.5 2.92 6.14 2.03 3.0 19.6 
90 
  
1 1 64.1 3.15 6.15 2.03 3.0 20.2 
4301 
  
1 1 77.9 5.2 6.15 2.05 3.0 20.6 
466 
  
3 1 10.4 1.73 6.16 2.08 3.0 21.3 
762 
  
3 2 24.7 1.73 6.16 2.06 3.0 19.9 
1174 
  
3 1 12.0 8.25 6.18 2.04 3.0 19.4 





2 1 35.6 13.37 6.18 2.05 3.0 19.2 
7546 
  
2 2 45.5 17.08 6.18 2.08 3.0 15.7 
535 
  
3 1 17.1 6.13 6.22 1.97 3.2 17.3 
1745 
  
3 1 15.9 11.69 6.23 2.03 3.1 17.3 
1751 
  
3 1 21.4 5.27 6.23 1.96 3.2 18.4 
1744 
  
3 1 10.8 2.63 6.24 2.02 3.1 18.3 
844 
  
2 1 24.4 2.2 6.24 2.08 3.0 19.6 
5922 
  
1 1 77.1 3.53 6.24 2.01 3.1 19.1 
424 
  
1 1 75.6 3.42 6.24 2.03 3.1 19.0 
793 
  
2 1 54.0 10.18 6.25 2.07 3.0 17.4 
4202 
  
1 1 72.2 3.81 6.26 2.05 3.1 20.6 
1199 
  
2 1 42.6 4.06 6.28 2 3.1 22.0 
479 
  
1 1 59.3 4.6 6.29 2.03 3.1 22.0 
6520 
  
1 1 78.7 3.84 6.29 2.05 3.1 19.8 
1742 
  
3 1 12.7 0 6.31 2.08 3.0 21.5 
433 
  
2 1 38.1 6.54 6.31 2.04 3.1 21.5 
1747 
  












2 2 48.4 4.89 6.43 2.05 3.1 20.3 
7615 SG SG 3 3 34.2 1.98 6.5 2.15 3.0 10.1 
1083 
  
3 2 6.2 . . . . 20.7 
1276 
  
3 1 6.6 . . . . 16.5 





3 1 7.1 . . . . 17.5 
797 
  
3 1 7.3 . . . . 20.1 
1754 
  
3 1 15.0 3.56 6.3 2.05 3.1 20.9 
1758 
  
3 1 19.3 1 1 1 1.0 20.0 
1735 
  
3 1 40.1 1 1 1 1.0 21.8 
10211 
  
1 1 69.3 0.56 6.47 2.07 3.1 . 
10193 
  
1 1 70.7 3.15 6.41 2.08 3.1 21.6 
10226 
  
1 1 72.3 4.8 6.55 2.12 3.1 20.7 
6434 
  
1 2 73.1 




1 1 74.1 5.83 6.48 2.07 3.1 18.0 
10190 
  
1 1 74.3 6.24 6.39 2.06 3.1 20.4 
10160 
  
1 1 75.2 5.4 6.35 2.04 3.1 19.7 
10247 
  
1 1 75.6 6.04 6.38 2.07 3.1 21.2 
10191 
  
1 1 77.6 4.07 6.36 2 3.2 17.4 
4891 N-SG SG 3 1 
      
1825 SG N-SG 2 1 
      
7958 SG N-SG 3 2 
      
8001 SG N-SG 3 1 
      
3433 SG SG 2 1 
      
5736 SG SG 3 1 
      
6150 SG SG 3 1 
      
9885 SG SG 2 1 




Table 13. 44 SNPs in Candidate genes 
 
Number. SNP index ratiochr pos ref alt mutation_effect gene CDS_change protein_changeEMS_mut.refEMS_mut.altEMS_wt.ref EMS_wt.alt Gene Annotation
1 0.67 1 14498111 C T missense_variant LOC_Os01g255902968G>A Gly990Arg 0 6 6 3 retrotransposon protein, putative, unclassified, expressed
2 0.67 1 19531532 A G missense_variant LOC_Os01g352802366T>C Ile789Thr 0 5 4 2 transposon protein, putative, CACTA, En/Spm sub-class, expressed
3 0.67 2 34317184 C T missense_variant LOC_Os02g560604297C>T Arg1433Cys 0 5 4 2 retrotransposon protein, putative, unclassified
4 0.67 4 10921856 C A missense_variant LOC_Os04g196102596G>T Val866Leu 0 5 4 2 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
5 0.67 6 14826052 A G missense_variant LOC_Os06g25310635T>C Ile212Thr 0 5 8 4 retrotransposon protein, putative, Ty1-copia subclass, expressed
6 0.67 7 10230549 A G missense_variant LOC_Os07g17320409T>C Trp137Arg 0 6 4 2 expressed protein
7 0.67 10 215389 C A missense_variant LOC_Os10g013604172G>T Arg1391Leu 0 5 4 2 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
8 0.67 11 8118724 C T missense_variant LOC_Os11g144603172G>A Ala1058Thr 0 8 4 2 transposon protein, putative, CACTA, En/Spm sub-class, expressed
9 0.67 11 8118727 C T missense_variant LOC_Os11g144603169G>A Val1057Ile 0 8 4 2 transposon protein, putative, CACTA, En/Spm sub-class, expressed
10 0.67 11 22869949 G T missense_variant LOC_Os11g38590250C>A Arg84Ser 0 6 6 3 expressed protein
11 0.67 12 829910 TACCACC T inframe_deletion LOC_Os12g024601270_1275delGGTGGTGly424_Gly425del 0 5 4 2 transposon protein, putative, unclassified, expressed
12 0.67 12 829922 G C missense_variant LOC_Os12g024601264C>G His422Asp 0 5 4 2 transposon protein, putative, unclassified, expressed
13 0.67 12 22383402 G T stop_gained LOC_Os12g365502875G>T Glu959* 0 9 4 2 retrotransposon protein, putative, unclassified, expressed
14 0.70 4 8146217 G T missense_variant LOC_Os04g145501289C>A Thr430Asn 0 5 7 3 retrotransposon protein, putative, Ty1-copia subclass, expressed
15 0.71 3 8012125 C T missense_variant LOC_Os03g14730373G>A Glu125Lys 0 7 10 4 gibberellin receptor GID1L2, putative, expressed
16 0.71 8 9864940 C T missense_variant LOC_Os08g161801914G>A Met638Ile 0 6 5 2 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
17 0.75 1 20797701 TC T frameshift_variant LOC_Os01g372402934delG Ile980fs 0 7 6 2 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
18 0.75 3 2494769 G A missense_variant LOC_Os03g0513014C>T Ala5Val 0 5 6 2 expressed protein
19 0.75 3 2494780 C A start_lost LOC_Os03g051303G>T Met1? 0 5 6 2 expressed protein
20 0.75 9 5316736 T A missense_variant LOC_Os09g098102465A>T Glu822Val 0 5 6 2 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
21 0.78 5 1581891 T C missense_variant LOC_Os05g036502444T>C Val815Ala 0 5 7 2 retrotransposon protein, putative, unclassified, expressed
22 0.78 5 1581895 G A missense_variant LOC_Os05g036502448G>A Met816Ile 0 5 7 2 retrotransposon protein, putative, unclassified, expressed
23 0.80 8 16205821 C T missense_variant LOC_Os08g266601303C>T Arg435Cys 0 6 4 1 retrotransposon, putative, centromere-specific, expressed
24 0.80 8 16205823 T TCACACCCTAAAAATTCAAATAATATAAATTGTTGTTTAAATGGframeshift_variant&stop_gainedLOC_Os08g266601305_1306insCACACCCTAAAAATTCAAATAATATAAATTGTTGTTTAAATGGSer436fs 0 6 4 1 retrotransposon, putative, centromere-specific, expressed
25 0.80 10 215383 C T missense_variant LOC_Os10g013604178G>A Arg1393His 0 5 4 1 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
26 0.80 10 11445802 C T missense_variant LOC_Os10g22160269G>A Arg90Gln 0 5 4 1 retrotransposon, putative, centromere-specific, expressed
27 0.80 10 11445817 C T missense_variant LOC_Os10g22160254G>A Arg85Lys 0 5 4 1 retrotransposon, putative, centromere-specific, expressed
28 0.80 10 11445824 G A missense_variant LOC_Os10g22160247C>T Pro83Ser 0 5 4 1 retrotransposon, putative, centromere-specific, expressed
29 0.80 11 8118711 G A missense_variant LOC_Os11g144603185C>T Ser1062Leu 0 8 8 2 transposon protein, putative, CACTA, En/Spm sub-class, expressed
30 0.83 1 28808463 G GA frameshift_variant LOC_Os01g50140223dupA Arg75fs 0 7 5 1 transposon protein, putative, unclassified
31 0.83 10 14247870 C T missense_variant LOC_Os10g270402671G>A Val891Met 0 5 5 1 retrotransposon protein, putative, unclassified, expressed
32 0.89 1 39753040 G A missense_variant LOC_Os01g684101235G>A Arg412Lys 0 12 8 1 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
33 0.89 3 27937826 C T missense_variant LOC_Os03g49040383C>T Pro128Leu 0 5 8 1 transposon protein, putative, CACTA, En/Spm sub-class, expressed
34 1.00 3 1356318 C T missense_variant LOC_Os03g03200416C>T Ala139Val 0 6 14 0 hydrolase, alpha/beta fold family protein, putative, expressed
35 1.00 7 25094394 G A missense_variant LOC_Os07g41880422C>T Ser141Leu 0 5 6 0 retrotransposon protein, putative, unclassified, expressed
36 1.00 8 5911094 G A missense_variant LOC_Os08g101901112C>T Thr371Ile 0 6 9 0 retrotransposon protein, putative, unclassified, expressed
37 1.00 8 26957493 T C missense_variant LOC_Os08g42650820T>C Ser274Pro 0 5 5 0 retrotransposon protein, putative, unclassified, expressed
38 1.00 8 26957553 C T stop_gained LOC_Os08g42650880C>T Arg294* 0 8 6 0 retrotransposon protein, putative, unclassified, expressed
39 1.00 10 8250125 T A missense_variant LOC_Os10g165501092T>A Asp364Glu 0 6 6 0 retrotransposon protein, putative, Ty3-gypsy subclass, expressed
40 1.00 5 4421260 C A upstream_gene_variant LOC_Os05g08110-4637G>T LOC_Os05g08110 4 0 0 4 early light-induced protein, chloroplast precursor, putative, expressed
41 1.00 6 30231663 C T upstream_gene_variant LOC_Os06g49930-85 G>A LOC_Os06g49930 4 0 0 5 OsFBX207 - F-box domain containing protein, expressed
42 1.00 10 20911441 C A downstream_gene_variantLOC_Os10g39190*4720G>T LOC_Os10g39190 6 0 0 5 B3 DNA binding domain containing protein, expressed
43 1.00 2 9133477 G A upstream_gene_variant LOC_Os02g16060-3271G>A LOC_Os02g16060 4 0 0 7 RGA-1, putative, expressed
44 1.00 4 12042425 A G upstream_gene_variant LOC_Os04g21340-4784A>G LOC_Os04g21340 5 0 0 4 expressed protein
